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ABSTRACT 


A  high-resolution,  multi-level,  primitive  equation  ocean  model  is  used  to 
investigate  the  combined  role  of  wind  forcing,  thermohaline  gradients,  and  coastline 
irregularities  on  the  formation  of  currents,  meanders,  eddies,  and  filaments  in  the 
California  Current  System  (CCS)  from  22.5°  N  to  47.5°  N.  An  additional  objective  is  to 
further  characterize  the  formation  of  the  Davidson  Current,  seasonal  variability  off  Baja 
California,  and  the  meandering  jet  south  of  Cape  Blanco.  The  model  includes  a  realistic 
coastline  and  is  forced  from  rest  using  climatological  winds,  temperatures,  and  salinities. 

The  migration  pattern  of  the  North  Pacific  Subtropical  High  plays  a  significant 
role  in  the  generation  and  evolution  of  CCS  structures.  In  particular,  variations  in  wind 
stress  induce  flow  instabilities  which  are  enhanced  by  coastline  perturbations.  An  inshore 
train  of  cyclonic  eddies,  combined  with  a  poleward  undercurrent  of  varying  seasonal 
depths,  forms  a  discontinuous  countercurrent  called  the  Davidson  Current  north  of  Point 
Conception.  Off  Baja,  the  equatorward  surface  jet  strengthens  (weakens)  during  spring 
and  summer  (fall  and  winter).  Model  results  also  substantiate  Point  Eugenia  as  a 
persistent  cyclonic  eddy  generation  area.  The  model  equatorward  jet  south  of  Cape 
Blanco  is  a  relatively  continuous  feature,  meandering  offshore  and  onshore,  and  divides 
coastally-influenced  water  from  water  of  offshore  origin. 
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I.  INTRODUCTION 


The  California  Current  System  (CCS)  is  a  classical  eastern  boundary  current 
(EBC)  system  located  off  the  west  coast  of  North  America  extending  approximately  from 
the  Strait  of  Juan  de  Fuca  southward  to  the  tip  of  the  Baja  Peninsula  (Hickey,  1997).  As 
in  other  EBC  regimes,  satellite  infrared  sea  surface  temperature  (SST)  imagery  of  the 
CCS  has  revealed  a  distinct  complex  flow  structure  with  seasonal  variations.  Dominant 
mechanisms  responsible  for  the  observed  large-scale  structure  within  the  CCS  have  been 
shown  to  be  seasonal  variations  in  alongshore  wind  stress  (Bakun  and  Nelson,  1991), 
coastline  irregularities  (e.g.,  Batteen,  1997),  bottom  topography  (e.g.,  Ikeda  et  al.,  1984), 
and  temperature  and  salinity  variations  (Batteen  et  al.,  1995;  Batteen  and  Vance,  1997). 

In  the  mean,  the  greater  CCS  is  comprised  of  several  large-scale  currents  (Figure 
1).  The  basic  flow  is  a  broad  (-1000  km  offshore),  shallow  (surface  to  -500  km),  slow 
(-10  cm/s),  year-round  equatorward  current  known  as  the  California  Current  (CC). 
Embedded  within  this  basic  flow  are  the  California  Undercurrent  (CUC),  the  Davidson 
Current  (DC),  the  Southern  California  Countercurrent  (SCC),  and  the  Southern  California 
Eddy  (SCE).  The  CUC  is  a  relatively  narrow  (-10-40  km  width),  weak  (-2-10  cm/s), 
subsurface  poleward  flow  which  is  strongest  at  -100-300  m  depth  and  varies  seasonally. 
The  DC  is  a  weak,  inshore,  poleward  surface  flow  north  of  Point  Conception  during  fall 
and  winter.  Other  poleward  surface  flows  include  the  SCC  south  of  Point  Conception 


1 


and  the  SCE  shoreward  of  the  Channel  Islands  within  the  Southern  California  Bight 
(Hickey,  1979,  1997). 

Within  the  mean,  large-scale  structure  of  the  CCS  there  exist  perturbations  in  the 
form  of  mesoscale  meanders,  eddies,  filaments,  and  jets  which  vary  in  both  space  and 
time  (Bernstein  et  al,  1977;  Chelton,  1984;  Strub  et  al.,  1991).  Recent  numerical 
modeling  efforts  by  Batteen  et  al.  (1989)  and  Batteen  (1997)  successfully  simulated  this 
complex  eddy-mean  flow  interaction  within  the  CCS  using  a  high-resolution,  multi-level, 
primitive  equation  (PE)  ocean  model  emphasizing  the  role  of  wind-forcing  and  coastline 
irregularities.  Specifically,  the  seasonal  variation  of  the  alongshore  component  of  wind 
stress  was  critical  in  generating  realistic  horizontal  and  vertical  structures  for  the  surface 
equatorward  CC  and  the  subsurface  poleward  CUC.  Both  baroclinic  and  barotropic 
instability  contributed  to  the  generation  of  meanders,  filaments,  and  eddies.  Additionally, 
coastline  irregularities  were  shown  to  help  “anchor”  upwelling  filaments  and  enhance  the 
growth  of  meanders  and  eddies.  In  particular,  the  region  off  Cape  Blanco  was  identified 
as  the  location  where  the  CC  leaves  the  coast  and  develops  a  meandering  jet  to  the  south. 

In  recent  studies  on  the  combined  effect  of  temperature  and  salinity  on  density,  Batteen  et 
al.  (1995)  and  Batteen  and  Vance  (1997)  concluded  that  the  distribution  of  salinity  as 
well  as  temperature  is  important  in  defining  the  large-scale  structure  and  circulation  of 
the  CCS. 

Here  we  expand  the  process-oriented  model  of  Batteen  (1997)  to  include  the 
entire  CCS  region,  building  upon  previous  studies  which  were  restricted  poleward  of  35°  ' 
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N.  We  examine  the  ability  of  the  model  to  successfully  simulate  the  known  current 
structure  using  seasonal  wind  forcing,  temperature  and  salinity  gradients  and  a  realistic 
coastline.  An  additional  focus  of  this  research  is  to  utilize  model  results  to  contribute  to 
the  discussion  and  characterization  of  certain  key  issues  and  unknowns  regarding  the 
CCS  raised  by  Hickey  (1997)  in  a  recent  comprehensive  description  of  the  greater  CCS. 
Here  we  briefly  highlight  three  of  the  issues,  described  by  Hickey  (1997)  as  poorly 
understood,  unknown,  or  unexplained,  to  be  addressed  in  the  present  study. 

First,  is  the  DC  the  result  of  the  CUC  surfacing  (Pavlova,  1966;  Huyer  and  Smith, 
1974)  or  due  to  the  SCC  successfully  rounding  Point  Conception?  Hickey  (1997) 
maintains  that  the  CUC  has  a  seasonal  maxima  in  summer  to  early  fall  while  the  SCC  has 
a  seasonal  maxima  in  winter,  coincident  with  the  development  of  the  DC.  One  objective 
of  this  modeling  study  is  to  reproduce  and  further  define  the  relationship  between  the  DC, 
CUC,  and  SCC/SCE. 

Next,  what  is  the  seasonal  variability  of  large-scale  and  coastal  currents  off  the 
Baja  Peninsula?  Hickey  (1997)  states  that  due  to  few  direct  current  observations,  the 
seasonal  cycle  over  the  southern  Baja  Peninsula  coastal  region  is  unknown  at  the  present 
time  and  the  existence  of  mesoscale  features  suggests  that  the  circulation  may  be 
complex.  A  second  objective  of  this  study  is  to  use  the  model  with  the  aforementioned 
wind  forcing,  temperature  and  salinity  gradients  in  conjunction  with  a  realistic  Baja 
coastline  to  better  define  current  structure  and  variability  in  this  area. 
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Finally,  Hickey  (1997)  recommends,  as  an  area  of  future  research,  investigation  of 
the  relationship  between  the  meandering  jet  that  originates  near  Cape  Blanco  and  jets  and 
filaments  that  originate  near  other  coastal  promontories.  In  the  present  study,  we  inquire 
if  the  Cape  Blanco  jet  is  a  continuous  feature  and  examine  its  role  in  the  large-scale  CCS. 

This  study  is  organized  as  follows:  the  PE  model  and  experimental  conditions 
used  in  the  basic  study  are  presented  in  section  II.  Results  and  model  simulation 
applications  are  described  in  section  III.  A  summary  is  presented  in  section  IV. 


II.  MODEL  DESCRIPTION 


A.  MODEL  EQUATIONS 


The  PE  model  in  this  study  was  originally  a  coarse  resolution  model  used  in 
closed  basin  studies  by  Haney  (1974).  It  has  recently  been  adapted  by  Batteen  (1997)  for 
eddy-resolving,  limited  EBC  regions  with  open  boundaries  to  the  north,  south,  and  west. 
The  model  is  multi-level,  non-adiabatic,  and  uses  the  beta-plane  approximation.  It  has 
both  baroclinic  and  barotropic  velocity  components  and  uses  the  hydrostatic  and 
Boussinesq  approximations  as  well  as  a  rigid  lid.  The  governing  equations  are  as 
follows: 


du _-\  dp 
dt  p0  dx. 


-  =  —^;  +  Jv-AmV*u  +  Km 


d2u 

~&2 


dv  - 1  dp  .  „  d2v 


du  dv  dw 
dx  +  dy  +  dz 


dz 


=  ~PS 


p  =  p0[\-a(T-T0)+P(S-S0)] 


dJL__A  V*T+K  ?L 

dt  ~  A"  1  Kh  dz 2 


^-  =  -AHV*S  +  K„^- 
dt  H  H  dz2 


(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 
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In  the  above  equations,  t  is  time  and  ( x,y,z )  is  a  right-handed  Cartesian  coordinate  system 
with  x  pointing  toward  shore,  y  alongshore,  and  z  upward.  The  corresponding  velocity 
components  are  (u,v,w).  T,  S,  and  p  are  temperature,  salinity  and  pressure,  respectively, 
and  p  is  density.  Table  1  provides  a  list  of  other  symbols  found  in  the  model  equations,  as 
well  as  values  of  constants  used  throughout  the  study. 

A  space-staggered  B-scheme  (Arakawa  and  Lamb,  1977)  is  used  for  the 
horizontal  finite  differencing.  This  scheme  has  been  shown  by  Batteen  and  Han  (1981)  to 
be  appropriate  when  grid  spacing  is  approximately  the  same  order  as,  or  less  than,  the 
Rossby  radius  of  deformation.  The  horizontal  grid  spacing  is  9  km  in  the  east-west 
direction  and  1 1  km  in  the  north-south  direction,  while  the  internal  Rossby  radius  of 
deformation  is  ~30  km. 

The  model  uses  ten  vertical  layers,  with  constant  z-levels,  at  depths  of  13,  46,  98, 
182,  316,  529,  870,  1416,  2283,  and  3656  m.  This  vertical  scheme  is  designed  to 
concentrate  more  layers  above  the  thermocline  in  the  dynamically  active  portion  of  the 
ocean,  consistent  with  Haney  (1974). 

The  model  domain  (Figure  1)  encompasses  the  west  coast  of  the  United  States  and 
the  Baja  Peninsula,  from  22.5°  N  to  47.5°  N  (2816  km  alongshore),  and  from  107.5°  W  to 
132.5°  W  offshore  (2304  km  cross-shore).  The  coastal  boundary  of  the  model  domain  is 
closed,  and  has  both  tangential  and  normal  velocity  components  set  to  zero.  To  isolate 
the  role  of  wind  forcing  from  the  possible  coupled  effect  of  wind  forcing  and  topography 
(which  will  be  considered  in  a  separate  study),  bottom  topography  has  been  omitted  and 
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the  eastern  boundary  is  modeled  as  a  vertical  wall.  The  constant  depth  used  in  the  model 
is  4500  m.  A  modified  version  of  the  radiation  boundary  conditions  of  Camerlengo  and 
O'Brien  (1980)  is  used  for  the  open  boundaries  to  the  north,  south,  and  west  with  some 
spatial  smoothing  applied  in  the  vicinity  of  these  boundaries  (Batteen,  1997). 

Biharmonic  lateral  heat  and  momentum  diffusion  is  used  in  the  model  with  the 
same  choice  of  coefficients  (i.e.,  2.0  xlO17  cm4/s)  as  in  Batteen  (1997).  Holland  (1978) 
showed  that  biharmonic  diffusion  acts  predominantly  on  submesoscales,  while  Holland 
and  Batteen  (1986)  found  that  baroclinic  mesoscale  processes  can  be  damped  by 
Laplacian  lateral  heat  diffusion.  As  a  result,  the  use  of  biharmonic  lateral  diffusion  should 
allow  mesoscale  eddy  generation  via  barotropic  (horizontal  shear)  and/or  baroclinic 
(vertical  shear)  instability  mechanisms.  As  in  Batteen  (1997),  weak  (0.5  cm2/s)  vertical 
eddy  viscosities  and  conductivities  are  used  and  bottom  stress  is  parameterized  by  a 
simplified  quadratic  drag  law  (Weatherly,  1972). 

B.  METHOD  OF  SOLUTION 


Equations  (1)  through  (7)  comprise  a  closed  system  of  seven  scalar  equations  and 
seven  unknowns,  u,  v,  w,  p,  p,  T,  and  S.  The  variables,  u,  v,  T,  and  S  are  prognostic 
variables  whose  time  rates  of  change  are  predicted  from  (1),  (2),  (6)  and  (7),  respectively. 
Although  the  diagnostic  variables  w,  p,  and  p  can  be  determined  from  (3),  (4),  and  (5), 
respectively,  additional  constraints  are  imposed  on  p  and  w  by  the  choice  of  the  rigid  lid 
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boundary  condition.  Specifically,  the  vertically  integrated  pressure  can  no  longer  be 
obtained  by  integrating  the  hydrostatic  equation  (4)  for  the  free  surface,  and  the 
vertically-integrated  horizontal  velocity  is  subsequently  constrained  to  be  non-divergent, 


i.e.. 


r 

•L  H 


du  dv  | 


(8) 


which  is  obtained  by  integrating  (3)  and  applying  the  vertical  boundary  conditions  where 
£  is  a  dummy  variable  representing  the  vertical  coordinate. 

For  any  quantity  q,  let  its  vertical  average  be  denoted  by  q  and  its  departure 

(vertical  shear)  by  q’ .  From  (8)  the  vertical  mean  flow  can  then  be  described  by  a  stream 
function  y/ ,  such  that: 


u  =  — 


1  dy/ 
~H~dy 


1  dy/ 

H!k 


(9) 

(10) 


The  stream  function  y/  is  predicted  from  the  vorticity  equation,  which  is  derived 

from  the  vertical  average  of  (1)  and  (2).  Applying  the  curl  operator  and  using  (9)and  (10) 
the  vorticity  equation  becomes 
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dp_ 

dx 


dsdz 


where  G  and  F  represent  the  collective  contributions  of  nonlinear  and  viscous  terms  from 
equations  (1)  and  (2). 

The  vorticity  equation  (1)  is  solved  by  obtaining  an  updated  value  of  £  by 
applying  the  leapfrog  (or  every  11  time  steps,  the  Euler-backward)  time-differencing 
scheme.  The  associated  value  of  y/  can  then  be  obtained  from: 


<r 


_  J_f  £a£  1  f  ^ 


H\dx2 


H 


d2y/\  dy/  dH  1  dy/  dH 
(  dy 2  J  +  dx  dx  +  dy  dy 


(12) 


which  is  an  elliptic  equation.  A  solution  to  (1)  is  fully  prescribed  by  specifying  the  values 
of  y  on  the  open  and  closed  boundaries  of  the  model  domain.  Currently,  to  solve  (1),  the 
model  uses  successive  over-relaxation  techniques. 

The  vertical  shear  current  (u't  v')  is  predicted  from  (1)  and  (2)  after  subtracting  the 
vertical  mean  flow.  The  results  are: 


=  —■ —  +  fv’-AM^iu+KM^r  +  F-F-— 
&  p>  fr  & 


H 


A 


a  A  & 


A 


H 


(13) 


(14) 
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In  (13)  and  (14),  p ,  which  represents  the  departure  of  the  pressure  from  the 

vertical  average,  is,  using  (4),  expressed  in  terms  of  p  as: 

0  1  0 

P'-\pgds--\ 

z  —H 

The  method  of  solution  consists  of  predicting  V2i//,i//,u',v',T,  and  S  from  (1 1), 

(12),  (13),  (14),  (6)  and  (7),  respectively.  The  total  current  is  then  obtained  by  adding  the 
vertical  shear  part  to  the  vertical  average  part,  after  the  latter  is  obtained  from  y/  using 

(9)  and  (10).  The  diagnostics  p,  w,  and  p'  are  then  obtained  explicitly  from  the  equation 
of  state  (5),  continuity  equation  (8),  and  hydrostatic  relation  (15)  respectively. 


J/Cgafc]  dz. 


C.  FORCING  CONDITIONS  AND  EXPERIMENTAL  DESIGN 

Previous  experiments  by  Batteen  et  al.  (1989)  investigated  the  role  of  steady 
alongshore,  upwelling-favorable  winds,  with  and  without  alongshore  variability,  on  the 
generation  of  features  in  the  CCS.  More  recently,  Batteen  (1997)  studied  the 
contributions  of  seasonal  wind  forcing  and  irregular  coastline  geometry  to  the  generation 
of  eddies,  jets  and  filaments  in  the  CCS  between  35°  N  and  47.5°  N.  Following  Batteen 
(1997),  in  this  study,  seasonal  wind  forcing,  temperature  and  salinity  variations,  and 
irregular  coastline  geometry  will  be  used  to  investigate  the  generation  of  similar  features 
throughout  the  entire  CCS. 
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To  explore  the  effects  of  seasonal  wind  forcing,  the  model  is  forced  from  rest  with 
climatological  wind  fields  from  a  2.5°  by  2.5°  grid  of  European  Centre  for  Medium- 
Range  Weather  Forecasts  (ECMWF)  near-surface  wind  analyses  (Trenberth  et  al.,  1990). 
The  monthly  mean  stresses  based  on  twice  daily  wind  analyses  from  1980-1989  have 
been  interpolated  spatially  to  the  9  by  1 1  km  model  resolution  and  temporally  to  daily 
wind  values. 

Sample  wind  fields  used  in  the  basic  study  are  shown  in  Figure  2,  which  depicts 
the  seasonal  influence  and  migration  of  flow  around  the  North  Pacific  Subtropical  High 
over  the  area  encompassed  by  the  model  domain.  Figure  2a  shows  a  divergence  of  flow 
at  the  coast  in  the  vicinity  of  Cape  Mendocino  (see  Figure  1  for  geographical  locations) 
during  winter  as  winds  circulate  anticyclonically  around  the  Subtropical  High  to  the  south 
and  cyclonically  around  the  Aleutian  Low  to  the  north.  By  spring  (Figure  2b),  the 
Subtropical  High  has  begun  its  westward  and  northward  expansion,  producing  increased 
equatorward  winds  over  most  of  the  model  domain  and  causing  the  divergence  of  flow  to 
move  north  off  the  Washington  coast.  In  July  (Figure  2c),  equatorward,  upwelling- 
favorable  winds  dominate  along  the  entire  coastline  as  the  Subtropical  High  reaches  its 
maximum  extent.  Figure  2d  shows  a  decrease  in  magnitude  of  equatorward  winds  during 
fall  as  the  Subtropical  High  once  again  begins  to  recede  southward. 

The  effects  of  thermohaline  gradients  in  the  CCS  are  included  using  monthly 
temperature  and  salinity  climatology  from  Levitus  et  al.  (1994)  and  Levitus  and  Boyer 
(1994)  to  initialize  the  model,  and  once  a  day  to  force  the  model  at  the  western  boundary 
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(132.5°  W).  Forcing  occurs  over  the  upper  seven  levels,  which  are  initially  assumed  to  be 
zonally  homogeneous.  Since  the  lower  three  levels  do  not  exhibit  significant  horizontal 
variation  in  temperature  and  salinity,  constants  are  assumed  for  each  level.  Temperature 
values  used  for  levels  8,  9,  and  10  are  2.56°  C,  2.08°  C,  and  2.00°  C,  respectively,  while 
the  salinity  constant  used  for  the  lower  three  levels  is  34.7.  Only  the  upper  layer  (13  m 
and  46  m)  temperature  forcing  conditions  for  the  northern  (47.5°  N)  and  southern 
(22.5  N)  boundaries  show  significant  seasonal  variability  with  a  temperature  maximum 
in  late  summer  to  early  fall  and  minimum  in  late  winter  to  early  spring  throughout  the 
region  (Figure  3a  and  3b).  Below  these  depths,  both  the  seasonal  temperature 
fluctuations  and  temperature  gradient  weaken.  Conversely,  salinity  forcing  conditions  at 
all  seven  levels,  which  show  less  (more)  saline  water  to  the  north  (south),  have  no 
significant  seasonal  cycle  (not  shown). 

The  design  of  the  basic  study  is  as  follows.  To  focus  on  the  combined  role  of 
seasonal  wind  forcing  and  thermohaline  gradients,  model  integrations  start  from  a  state  of 
rest  and  once  a  day  the  model  is  updated  with  ECMWF  winds  and,  at  the  western 
boundary  with  temperature  and  salinity.  Additionally,  a  realistic  North  American 
coastline  is  used  to  include  the  effects  of  irregular  coastline  geometry  over  the  entire  CCS 
region.  To  allow  the  model  to  reach  a  state  of  quasi-equilibrium,  the  experiment  is  run 
for  three  years. 
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III.  RESULTS 


A.  THE  BASIC  SIMULATION 

Before  interpreting  the  model  response  to  climatological  wind  forcing  and 
thermohaline  gradients,  it  is  first  important  to  review  the  mean  atmospheric  and  oceanic 
regimes  in  the  CCS  region.  The  atmospheric  circulation  over  the  greater  CCS  is 
dominated  by  the  relative  positions  and  intensities  of  the  North  Pacific  Subtropical  High, 
the  Aleutian  Low,  and  the  pressure  pattern  over  the  western  North  American  continent 
which  vary  seasonally  (Figure  4).  In  winter,  the  Subtropical  High  weakens  and  migrates 
equatorward  while  strong  high  pressure  dominates  over  the  cold  continental  land  mass. 
The  Aleutian  Low  deepens  and  extends  equatorward,  influencing  most  of  the  extreme 
northern  Pacific.  Conversely,  during  summer  the  Subtropical  High  builds  and  migrates 
poleward  while  surface  pressures  over  the  southwestern  U.S.  and  northern  Mexico  are 
dominated  by  a  thermal  low.  As  a  result,  the  offshore  pressure  gradient  over  most  of  the 
CCS  is  strongest  in  summer  (Huyer,  1983). 

The  CCS  is  also  influenced  by  at  least  three  different  watermasses.  Cold,  low 
salinity  Pacific  Subarctic  Water  is  advected  from  the  north  while  warmer,  more  saline 
North  Pacific  Central  Water  enters  from  the  west.  Warm,  high  salinity  Southern  Water  is 
advected  from  the  south  by  the  poleward  undercurrent  (Hickey,  1997).  Unlike  other 
eastern  boundary  currents,  salinity  increases  rather  than  decreases  with  depth  in  the  CCS 
(Wooster  and  Reid,  1963). 
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1. 


Spin-up  Phase 


The  model  is  initiated  under  wintertime  forcing  conditions  with  the  first  model 
day  corresponding  to  the  first  day  of  January.  By  model  day  3,  there  is  a  general  trend  of 
density  decreasing  equatorward  over  the  entire  domain.  In  the  northern  portion  of  the 
domain,  the  density  gradient  is  stronger  due  to  a  stronger  temperature  gradient  present  in 
the  midlatitude  regime  (Figure  5a).  The  southern  half  of  the  domain  encompasses  a 
subtropical  environment  where  temperature,  and  thus  density,  gradients  are  weaker 
(Figure  5b).  In  January,  wind  forcing  over  the  CCS  is  affected  by  the  pressure  gradient 
between  the  Aleutian  Low  to  the  north  and  the  Subtropical  High,  adjacent  to  stronger 
high  pressure  over  a  cold  continent,  in  the  south  (Figure  4).  These  conditions  result  in  a 
horizontal  pressure  gradient  force  from  south  to  north  that,  when  balanced  by  Coriolis, 
produces  a  generally  onshore  geostrophic  flow  in  the  interior  ocean.  As  the  flow 
approaches  the  eastern  boundary  it  turns  poleward,  except  in  the  extreme  south  where 
there  are  persistent  northwesterly  winds  from  the  Subtropical  High  year-round.  As  seen 
in  Figures  5a  and  5b,  this  alongshore  flow  increases  in  magnitude  to  the  north  due  to  a 
stronger  density  gradient,  and  decreases  to  the  south  as  the  density  gradient  weakens.  By 
day  15,  the  surface  poleward  boundary  current  in  the  midlatitude  portion  of  the  model 
domain  (Figure  6a)  advects  warmer,  less  dense  water  from  the  south  at  maximum  speeds 
of -30-50  cm/s  alongshore.  To  the  south  below  about  31.5°  N  (Figure  6b),  the  flow  turns 
equatorward  at  the  coast,  advecting  cooler,  more  dense  water  from  the  north  at  speeds  of 
~2-5  cm/s. 
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Perturbations  in  the  density  field  nearshore  become  more  pronounced  in  the 
vicinity  of  coastal  promontories  by  day  45  as  warmer,  less  dense  water  is  advected 
poleward  at  maximum  speeds  of  ~30  cm/s  above  35°  N  (Figure  7a),  and  cooler,  more 
dense  water  is  advected  equatorward  at  maximum  speeds  of  ~15  cm/s  below  35°  N 
(Figure  7b).  Poleward  current  speeds  increase  to  the  north  as  flow  at  the  eastern 
boundary  is  continuously  augmented  by  onshore  geostrophic  flow  from  the  interior 
ocean.  Equatorward  flow  in  the  south  is  largely  driven  by  circulation  around  the 
Subtropical  High  which  at  day  45  (mid-February),  has  migrated  to  its  most  southerly 
position,  ~28°  N,  130°  W  (Huyer,  1983).  An  anticyclonic  eddy  in  the  vicinity  of  Point 
Conception  roughly  marks  the  division  of  the  flow  field  (Figure  7b).  Cross-sections  of 
meridional  velocity  taken  to  the  north  and  south  show  predominantly  poleward  flow  in 
the  north  off  Cape  Mendocino  with  an  inshore  equatorward  flow  increasing  with  depth 
(Figure  8a),  and  predominantly  equatorward  flow  in  the  south,  at  28.5°  N,  with  inshore 
poleward  flow  increasing  with  depth  (Figure  8b). 

By  day  105,  which  corresponds  to  mid- April  of  model  year  one,  wind  forcing  is  in 
transition  as  the  Aleutian  Low  retreats  poleward  and  the  Subtropical  High  advances 
toward  its  summertime  position  and  strengthens.  Consequently,  the  surface  flow  field 
responds  as  equatorward  flow  alongshore  extends  farther  to  the  north  and  strengthens 
while  poleward  flow  in  the  north  begins  to  retreat  and  weaken  (Figures  9a  and  9b). 
Development  of  anticyclonic  eddies  occurs  off  northern  California  and  Oregon  as  the 
mass  field  adjusts  to  the  transitional  flow  regime,  i.e.,  the  Subtropical  High  ridging 
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northward  (Figure  9a).  These  eddies  extend  well  below  the  surface  to  a  depth  of  316  m 
(Figure  9c).  In  the  south  (Figure  9b),  a  density  front  develops  along  the  coast  with  the 
highest  density  water  inshore,  where  northwesterly  winds  parallel  the  coastline,  due  to 
upwelling  of  cooler  water  from  below.  At  316  m  depth,  an  inshore  poleward  flow  of  ~2- 
10  cm/s  is  present  over  the  southern  portion  of  the  domain  (Figure  9d).  Seaward  of  this 
poleward  undercurrent  the  nearshore  flow  remains  equatorward.  A  cyclonic  meander  is 
present  in  the  vicinity  of  Point  Eugenia  (Figure  9b)  coincident  with  the  location  of 
maximum  poleward  undercurrent  velocities  (Figure  9d). 

Batteen  (1997)  noted  that  barotropic  and  baroclinic  instabilities  in  the  surface 
flow  and  undercurrent  result  in  the  generation  of  meanders,  filaments,  and  eddies.  The 
dynamical  reasons  for  the  generation  and  stability  of  the  eddies  described  above  are 
examined  using  the  techniques  described  by  Batteen  et  al.  (1992).  From  energy  transfer 
analysis,  the  location  and  magnitude  of  baroclinic  and  barotropic  transfers  can  be  found 
and  examined  to  argue  for  the  type  of  instability  mechanism  (e.g.,  barotropic,  baroclinic, 
or  mixed)  which  leads  to  initial  eddy  generation. 

Model  days  15  (Figure  6a)  and  45  (Figure  7a)  show  the  initial  development  of 
nearshore  anticyclonic  meanders  in  the  northern  portion  of  the  model  domain  between  ~ 
38  N-44  N,  which  culminates  in  the  alongshore  anticyclonic  eddies  present  in  the  same 
vicinity  by  day  105  (Figure  9a).  Likewise,  in  the  southern  half  of  the  domain,  day  105 
(Figure  9b)  shows  a  cyclonic  meander  north  of  Point  Eugenia  at  ~  28.5°  N,  which  leads  to 
offshore  cyclonic  eddy  activity  by  day  1 95  (Figure  1  Ob). 
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Figures  8a  (day  45  for  the  northern  region)  and  8b  (day  105  for  the  southern 
region)  show  that  horizontal  and  vertical  current  shear  exists  in  both  regions  with  varying 
intensities.  Barotropic  instability  can  result  from  horizontal  current  shear,  while 
baroclinic  instability  can  result  from  vertical  shear  in  the  currents.  Thus,  both  types  of 
instability  (i.e.,  mixed)  may  be  present  simultaneously.  Energy  transfer  analyses,  based 
on  Batteen  et  al.  (1992),  which  consist  of  barotropic  (mean  kinetic  energy  to  eddy  kinetic 
energy)  and  baroclinic  (mean  potential  energy  to  eddy  potential  energy  to  eddy  kinetic 
energy)  components,  were  performed  over  the  period  of  meander  and  eddy  development 
for  the  locations  described  above. 

Results  from  the  instability  analysis  for  days  30  to  45  (not  shown)  show  that  in 
the  northern  portion  of  the  domain,  off  Cape  Mendocino,  both  barotropic  and  baroclinic 
instability  (i.e.,  mixed)  play  a  significant  role  in  the  development  of  anticyclonic 
meanders,  which  ultimately  results  in  the  field  of  anticyclones  seen  by  day  105  (Figure 
9a).  This  analysis  is  consistent  with  Figure  8a,  which  portrays  both  vertical  and 
horizontal  upper  layer  current  shear.  In  contrast,  at  28.5°  N,  in  the  vicinity  of  Point 
Eugenia,  the  instability  analysis  for  days  93  to  120  (not  shown)  shows  baroclinic 
instability  to  be  the  dominant  generation  mechanism  for  cyclonic  meander  development, 
which  ultimately  leads  to  the  formation  of  a  cyclonic  eddy  by  day  195  (Figure  10b).  This 
analysis  is  consistent  with  Figure  8b  which  shows  a  relatively  stronger  vertical  than 
horizontal  gradient  in  upper  layer  current  shear  at  the  time  of  the  initial  instability. 
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During  summer,  north  to  northwesterly  (i.e.,  upwelling-favorable)  wind  forcing 
increases  in  magnitude  as  the  entire  CCS  is  under  the  influence  of  return  circulation 
around  the  Subtropical  High.  Additionally,  the  pressure  gradient  between  the  Subtropical 
High  offshore  and  the  thermal  low  over  the  southwestern  U.S.  and  northern  Mexico  is  a 
maximum  (Figure  4),  resulting  in  enhanced  upwelling  over  the  model  domain  south  of 
Point  Sur.  By  day  195,  surface  equatorward  flow  is  present  all  along  the  coast  with  cold, 
dense,  upwelled  water  inshore  south  of  Point  Sur  where  the  coastline  approximately 
parallels  the  wind  direction  (Figures  10a  and  10b). 

Production  of  anticyclonic  eddies  in  the  northern  part  of  the  domain  has  subsided 
by  day  195  as  coastal  flow  adjusts  to  northerly  wind  forcing  around  the  Subtropical 
High.  The  eddy  field  which  extended  to  either  side  of  Cape  Mendocino  during  April  has 
propagated  westward  and  has  coalesced  into  a  large  region  of  anticyclonic  turning 
offshore  (Figure  10a).  Meander  activity  has  increased  to  the  south,  with  cyclonic  eddies 
forming  south  of  Point  Conception  and  north  and  south  of  Point  Eugenia  (Figure  10b). 
An  equatorward  coastal  jet  is  discernible  as  a  relatively  narrow  coastal  flow  in  the  north, 
which  broadens  in  scope  as  it  progresses  southward.  Maximum  speeds  in  the  northern 
half  of  the  domain  are  ~20  cm/s  whereas  current  speeds  associated  with  cyclonic  eddy 
activity  in  the  south  are  -30-50  cm/s.  Similarly,  the  inshore  poleward  flow  at  316  m 
depth  seen  in  April  has  increased  dramatically  in  the  south  (maximum  speeds  -  15-20 
cm/s)  and  can  be  traced  northward  across  the  entire  model  domain  (Figure  10c  and  lOd). 
A  cross-section  of  meridional  velocity  at  the  extreme  northern  portion  of  the  domain 
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(Figure  11a)  shows  that  the  poleward  flow,  with  velocities  of  -7.5  cm/s,  has  migrated 
offshore.  Inshore  equatorward  flow,  with  velocities  of  -20  cm/s,  overlies  a  poleward 
undercurrent  with  velocities  of  -2.5  cm/s  below  -300  m  depth.  A  cross-section  of 
meridional  velocity  off  Cape  San  Lazaro  in  the  extreme  south  (Figure  lib),  shows  that 
the  surface  equatorward  flow  is  more  intense,  extends  further  offshore,  and  is  shallower 
than  its  northern  counterpart.  Additionally,  a  poleward  undercurrent  with  a  core  velocity 
of  -7.5  cm/s,  at  -325  m  depth,  is  present. 

In  the  fall,  the  Aleutian  Low  begins  to  deepen  and  the  Subtropical  High  migrates 
toward  its  wintertime  position  in  the  south.  With  this  transition,  poleward  wind  stress 
returns  to  the  northern  portion  of  the  model  domain  as  the  regional  pressure  gradient 
strengthens.  By  day  285,  which  corresponds  to  mid-October,  poleward  flow  at  the  coast 
shows  significant  trends  of  fluctuating  depth  and  intensity  (Figures  12a-12e).  Off  Cape 
San  Lazaro,  a  strong  poleward  undercurrent  is  centered  below  -300  m  depth  with  speeds 
up  to  -15  cm/s  (Figure  12a).  North  of  Point  Eugenia  this  poleward  flow  surfaces  and 
weakens  (Figure  12b).  At  32.5°  N,  within  the  Southern  California  Bight,  the  poleward 
undercurrent  is  weak,  broad,  and  confined  below  -250  m  depth  (Figure  12c).  North  of 
Point  Conception  in  the  vicinity  of  Point  Sur,  the  coastal  undercurrent  strengthens,  with  a 
maximum  of  -10  cm/s  below  -500  m  depth  (Figure  12d).  Further  north,  off  Cape 
Blanco,  poleward  flow  is  once  again  present  throughout  the  water  column  at  the  coast 
with  a  core  velocity  of  -7.5  cm/s  centered  at  -320  m  depth  (Figure  12e). 


19 


Since  the  model  is  nonlinear,  producing  mesoscale  meanders  and  eddies,  the 
return  of  the  pressure  gradient  force  and  poleward  wind  stress  in  the  north  does  not 
initiate  an  immediate  flow  field  response  in  the  same  direction.  Rather,  above  Cape 
Blanco  (~43°  N)  by  day  300  (Figure  13),  the  alongshore  maximum  in  equatorward  flow 
is  observed  to  have  moved  farther  westward  from  its  coastal  position  seen  at  day  195 
(Figure  10a).  This  results  in  a  more  pronounced  alongshore  density  gradient  with  higher 
density  water  penetrating  farther  equatorward  into  the  model  interior  as  the  blocking 
effect  of  the  Subtropical  High  lessens  in  the  north.  Thus,  as  the  equatorward  jet  at  the 
coast  decreases  in  intensity,  upwelling-favorable  transport  diminishes,  resulting  in  a 
tongue  of  low  density  water  adjacent  to  the  northern  Oregon  coastline  seen  in  Figure  13. 
Equatorward  of  Point  Arena  at  day  300  (Figure  14a),  the  highest  density  water  is  again 
adjacent  to  the  coast,  coincident  with  equatorward  wind  forcing  still  under  the  dominant 
influence  of  circulation  around  the  Subtropical  High.  Between  days  195  (Figures  10a- 
lOd)  and  300  (Figures  14a  and  14b),  there  has  been  a  substantial  increase  in  meander 
activity,  and,  in  the  Southern  California  Bight,  a  cyclonic,  cold-core  eddy  has  developed 
and  extends  to  ~3 16  m  depth  (Figure  14b). 

2.  Quasi-equilibrium  Phase 

Longer  run  times  (~3  years)  with  model  output  fields  averaged  every  3  days  for 
the  months  of  January,  April,  July,  and  October  illustrate  the  seasonal  variability  and 
complex  structure  of  the  CCS.  By  year  3,  the  model  CC  core  is  embedded  with 
numerous  eddies,  meanders,  and  upwelling  filaments  (Plates  la- Id),  which  is  shown  in 
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section  III.B  to  be  consistent  with  real-world  observations  (e.g.,  Lynn  and  Simpson, 
1987).  Although  the  mean  direction  of  flow  remains  equatorward  near  the  surface,  the 
circulation  contains  large  zonal  components  with  intense  onshore  and  offshore  transports. 

Model  results  show  that  in  winter  (Plate  la),  flow  at  the  coast  meanders 
equatorward,  increasing  in  velocity  where  the  flow  turns  anticyclonic  toward  the  coast 
and  decreasing  in  intensity  where  it  is  directed  cyclonically  offshore.  These  coastal 
meanders  in  the  flow  field  advect  colder  water  near  the  coast  offshore  and  warmer  water 
from  the  west  onshore  throughout  the  model  domain.  Both  cyclonic  and  anticyclonic 
eddies  exist  on  either  side  of  the  equatorward  coastal  jet  and  closed,  cold-core  eddies  of 
0(100  km)  diameter  are  present  off  San  Francisco  at  ~38.5°  N,  127°  W,  and  in  the 
southwest  comer  of  the  domain  at  ~25.5°  N,  127.5°  W.  The  coldest  water  found  in  the 
model  is  located  adjacent  to  the  southern  Baja  coastline  coincident  with  persistent 
northwesterly  winds  due  to  the  wintertime  position  of  the  Subtropical  High  (Figure  2a). 
Average  current  speeds  of  the  equatorward  surface  jet  range  from  -10-50  cm/s,  consistent 
with  observations  of  the  CC  using  drifters  (Davis,  1985). 

In  spring  (Plate  lb),  meander  activity  is  more  pronounced  along  the  model 
coastline  and  more  closed  eddies  exist  offshore  within  the  core  of  the  equatorward  model 
CC.  Eddies  present  in  January  have  propagated  westward  at  speeds  of  -1-3  km/day, 
consistent  with  Rossby  wave  propagation  speeds.  The  coldest  water  has  moved  north  up 
the  Baja  and  Southern  California  coastline  in  conjunction  with  the  seasonal  migration  of 
the  Subtropical  High  and  subsequent  expansion  of  upwelling-favorable  winds.  Similarly, 
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in  the  model,  spring  marks  an  increase  in  magnitude  of  the  equatorward  surface  jet  from 
speeds  present  in  January.  Using  CalCOFI  data,  Lynn  and  Simpson  (1987)  noted  that  a 
large-scale  intensification  in  equatorward  flow  along  much  of  the  coastal  CCS 
accompanied  the  onset  of  springtime  conditions. 

In  summer  (Plate  lc),  temperatures  adjacent  to  the  coast  in  the  northern  portion  of 
the  model  (i.e.,  above  —40°  N)  have  decreased  as  upwelling-favorable  winds  now 
approximately  parallel  the  coastline  throughout  the  domain  (Figure  2c).  Evidence  of 
cold,  offshore-flowing,  upwelling  filaments  exists  in  the  vicinity  of  Cape  Blanco,  Cape 
Mendocino,  south  of  Point  Sur,  in  the  Southern  California  Bight,  and  below  Point 
Eugenia.  These  filaments  extend  -80-  200  km  offshore  and  merge  with  the  equatorward 
jet  that  meanders  cyclonically  and  anticyclonically  at  speeds  of  -30-50  cm/s  with 
alongshore  wavelengths  of -100-300  km.  These  findings  are  consistent  with  those  from  a 
recent  process-oriented  modeling  study  of  the  CCS,  between  35°  N-47.5°  N,  by  Batteen 
(1997).  An  outstanding  example  of  a  mesoscale  disturbance  embedded  within  the  CCS  is 
illustrated  by  the  cyclonic  meander  that  forms  off  Point  Eugenia  in  January  (Plate  la), 
intensifies  in  April  (Plate  lb),  and  breaks  away  by  July  (Plate  lc)  to  propagate 
southwestward  in  the  CC.  Bernstein  et  al.  (1977)  noted  similar  mesoscale  activity  off 
Point  Eugenia  using  data  from  CalCOFI  surveys  of  the  CCS  taken  from  April  to  July, 
1952.  In  the  vicinity  of  the  U.S.-Mexico  border  (-32.5°  N)  within  the  Southern 
California  Bight,  a  division  of  flow  is  evident  (Reid,  1963)  in  the  equatorward  jet 
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offshore  as  a  portion  of  the  jet  turns  cyclonically  shoreward  (Plate  lc).  This  division  of 
flow  is  consistent  with  the  summertime  formation  of  the  SCE  (Lynn  and  Simpson,  1 987). 

By  early  fall  (Plate  Id),  as  the  upwelling  system  begins  to  weaken  with  the 
equatorward  migration  of  the  Subtropical  High,  the  sharp  nearshore  temperature  front 
present  during  summer  north  of  Cape  Blanco  has  become  more  diffuse.  The  coastal 
equatorward  surface  jet  in  this  region  is  now  oriented  farther  offshore  and  embedded 
streams  of  colder  water  flow  southwestward  into  a  cold-core  eddy  west  of  Cape 
Mendocino.  South  of  Point  Conception,  the  division  of  flow  is  more  pronounced  as  a 
branch  of  the  equatorward  surface  jet  rotates  cyclonically  onshore  and  poleward  while  the 
main  portion  of  the  jet  continues  southward  offshore.  This  flow  structure  within  the 
Southern  California  Bight  concurs  with  a  seasonal  maxima  in  the  SCE  from  summer  to 
early  fall  (Hickey,  1997).  As  in  January  (Plate  la),  in  the  vicinity  of  Point  Eugenia,  a 
cyclonic  meander  in  the  equatorward  jet  is  discernible.  In  time  (not  shown),  this  meander 
intensifies,  closes  off,  and  propagates  southwestward  through  the  stream. 

An  examination  of  model  upwelling  along  the  Baja  Peninsula  in  July  (Plate  lc) 
and  October  (Plate  Id)  reinforces  conclusions  drawn  by  Bakun  and  Nelson  (1991) 
regarding  the  effects  of  cyclonic  wind  stress  curl  on  upwelling  in  the  vicinity  of  capes  and 
coastal  bights.  Plate  lc  shows  that  during  summer,  the  most  intense  upwelling  in  the 
model  occurs  just  south  of  Point  Baja,  off  Point  Eugenia,  and  extending  westward  from 
Cape  San  Lazaro.  Conversely,  Plate  Id  shows  that  in  fall,  the  largest  areas  of  coldest 
water  are  located  primarily  in  coastline  indentations  between  these  points.  Bakun  and 
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Nelson  (1991)  note  that  the  mean  equatorward  alongshore  wind  stress  in  the  CCS 
typically  has  an  offshore  maximum  located  -200-300  km  from  the  coast,  which  decays 
with  distance  either  side  of  the  maximum,  such  that  cyclonic  wind  stress  curl  shoreward 
enhances  coastal  upwelling.  During  summer,  when  offshore  winds  are  strongly 
equatorward  across  the  CCS,  alongshore  variations  in  wind  stress  (offshore  Ekman 
transport  at  the  coast),  combined  with  cyclonic  wind  stress  curl  (oceanic  Ekman 
pumping),  act  to  locally  enhance  upwelling  adjacent  to  capes.  In  fall  and  winter,  when 
equatorward  winds  weaken,  cyclonic  curl  maxima  are  frequently  located  within  coastal 
bights,  as  when  winds  around  cyclonic  storms  are  directed  into  coastal  indentations, 
become  compressed  alongshore,  and  reach  maximum  velocities  adjacent  to  the  coastal 
boundary  (Bakun  and  Nelson,  1991). 

In  the  model,  the  coldest  coastal  water  is  present  in  the  south  and  extends 
equatorward  from  Point  Baja.  Huyer  (1983)  notes  that,  although  upwelling-favorable 
winds,  and  thus  significant  offshore  Ekman  transport,  persist  off  southern  Baja  year- 
round,  there  is  an  absence  of  cold  coastal  water.  Bakun  and  Nelson  (1977)  postulate  that 
reduced  cloud  cover  in  this  region  leads  to  rapid  surface  heating  which  may  diminish  the 
effects  of  upwelling  on  sea  surface  temperatures.  Further  study  using  a  coupled 
atmosphere/ocean  model  to  better  define  the  roles  of  air-ocean  fluxes  in  this  region  is 
warranted. 

Nearshore  poleward  flow  occurs  throughout  the  model  domain  at  varying  depths 
and  intensities  during  different  seasons.  In  January  (Figure  1 5),  poleward  flow  maintains 
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an  undercurrent  structure,  underlying  surface  equatorward  flow  which  generally  increases 
in  scope  and  magnitude  southward.  In  the  northern  portion  of  the  domain  off  the  coast  of 
Oregon  (Figure  15a),  the  undercurrent  lies  primarily  below  -200  m  depth,  increasing  in 
velocity  with  depth  to  speeds  of  -12.5  cm/s  below  -500  m.  Off  northern  California 
(Figure  15b),  poleward  flow  has  an  undercurrent  structure  with  speeds  up  to  -10  cm/s 
near  the  coast,  and  a  relative  maximum  of  -2.5  cm/s  extending  westward  to  the  surface. 
Just  south  of  Point  Conception,  within  the  Southern  California  Bight  (Figure  15c),  weak 
poleward  flow  is  present  throughout  the  water  column  at  the  coast  and  attains  an 
undercurrent  structure  with  a  maximum  of  -7.5  cm/s  seaward  beneath  the  maximum 
surface  equatorward  flow.  In  the  southern  portion  of  the  domain,  below  Point  Eugenia 
(Figure  15d),  the  undercurrent  core  of  -5  cm/s  lies  between  -250-550  m  depth.  These 
results  are  consistent  with  direct  current  observations  of  the  CUC  (e.g.,  Reid,  1962; 
Wooster  and  Jones,  1970)  which  show  the  undercurrent  core  to  be  a  narrow  zone  of 
higher  speed  water  of  -20  km  in  width  and  spanning  -300  m  adjacent  to  the  continental 
slope.  Likewise,  Lynn  and  Simpson  (1987)  characterized  the  CUC  at  many  locations 
during  winter  as  being  diminished  in  strength  with  a  general  deepening  of  the  core 
poleward  flow. 

Conversely,  by  summer  the  CUC  increases  in  strength,  shoals,  and  in  some 
locations  merges  with  or  becomes  a  poleward  surface  current  (Lynn  and  Simpson,  1 987). 
Cross-sections  of  meridional  velocity  taken  in  July  of  model  year  3  (Figure  16)  at  the 
same  locations  as  those  shown  in  Figure  15  for  January  support  the  above  conclusions. 
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Off  the  coast  of  Oregon  (Figure  16a),  poleward  flow  near  the  coast  has  more  than 
doubled  in  magnitude  to  ~25  cm/s  and  now  extends  to  the  surface.  Similarly,  off 
northern  California  (Figure  16b),  the  undercurrent  has  shoaled  and  become  a  narrow 
ribbon  of  high  speed  water  of  -12.5  cm/s  near  the  coast.  In  the  Southern  California 
Bight,  just  south  of  Point  Conception  (Figure  16c),  flow  remains  weakly  poleward 
throughout  the  water  column  at  the  coast  in  association  with  the  return  limb  of  the  SCE. 
Below  Point  Eugenia  (Figure  16d),  surface  poleward  flow  is  still  present,  but  the 
undercurrent  offshore  is  better  defined,  more  intense,  and  shallower  than  its  counterpart 
in  January.  Thus,  model  results  qualitatively  support  both  observational  and  physical 
descriptions  of  seasonal  variations  in  depth,  intensity,  and  extent  of  poleward  flow  within 
the  CCS  (Lynn  and  Simpson,  1987;  Hickey,  1997). 

Horizontal  maps  of  upper  layer  mean  kinetic  energy  (MKE)  and  eddy  kinetic 
energy  (EKE)  for  July  are  shown  in  Figures  17a  and  17b  respectively.  Maps  of  MKE  and 
EKE  are  indicative  of  mean  and  eddy  energy  source  locations  (Holland  et  ah,  1983).  A 
comparison  of  Plate  lc  with  Figures  17a  and  17b  shows  that  high  values  of  MKE  and 
EKE  are  found  both  along  the  meandering  axis  of  the  equatorward  coastal  jet  and 
offshore  in  the  vicinity  of  westward  propagating  eddies.  Maxima  in  MKE  are  seen 
wherever  flow  velocity  increases.  These  regions  occur  along  the  coast  where  the 
equatorward  surface  jet  meanders  cyclonically  and  anticyclonically,  on  the  eastern 
(western)  side  of  anticyclonic  (cyclonic)  eddies  due  to  the  additive  effect  of  the  mean 
equatorward  flow,  and  where  flow  enhancement  takes  place  between  cyclonic  and 
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anticyclonic  eddy  pairs.  Figures  17a  and  17b  show  that,  during  the  upwelling  season, 
maxima  in  MKE  and  EKE  occur  in  the  same  vicinity  and  values  of  MKE  exceed  those  of 
EKE.  This  is  consistent  with  the  results  of  Batteen  (1997),  which  also  showed  that  the 
meridional  variability  of  the  winds  and  the  beta-effect  are  important  in  generating 
realistic  vertical  and  horizontal  current  structures,  and  baroclinic/barotropic  instabilities 
in  the  mean  equatorward  current  and  poleward  undercurent,  which  result  in  the 
production  of  meanders,  filaments,  and  eddies.  Thus,  regions  of  high  model  EKE  values 
correspond  to  areas  where  eddies  are  likely  to  be  generated,  such  as  off  Cape  Blanco, 
offshore  and  downstream  of  Cape  Mendocino  and  Point  Arena,  in  the  Southern  California 
Bight,  and  in  the  coastal  indentations  on  either  side  of  Point  Eugenia  (Figure  17b). 

Kelly  et  al.  (1997)  recently  used  both  drifter  and  TOPEX/POSEIDON  altimeter 
observations  to  investigate  the  variability  of  near-surface  EKE  in  the  CCS  west  of  124° 
W  between  33°  N-40.50  N.  A  qualitative  and  quantitative  comparison  of  EKE  results 
from  the  present  study  with  their  observations  shows  good  correlation.  Both  Kelly  et  al. 
(1997)  and  model  results  (not  shown)  show  maximum  values  of  EKE  in  late  summer  to 
early  fall  between  -36°  N-40°  N  and  -125°  W,  coincident  with  increased  equatorward 
flow,  and  minimum  values  in  spring.  Specifically,  maximum  (minimum)  EKE  values 
observed  by  Kelly  et  al  (1997)  within  their  study  area  were  -0.02  m2/s2  (0.01  m2/s2)  while 
maximum  (minimum)  values  in  the  model  were  -0.03  m2/s2  (0.005  m2/s2  ).  Additionally, 
both  studies  reveal  a  tendency  of  EKE  maxima  to  propagate  westward  in  time. 
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By  the  end  of  the  quasi-equilibrium  phase,  it  is  satisfying  to  see  that  the  model 
appears  to  respond  favorably  to  both  atmospheric  and  oceanic  forcing.  The  successful 
reproduction  of  major  features  within  the  CCS,  and  their  seasonal  horizontal  and  vertical 
characteristics  and  energetics,  shows  good  agreement  with  previous  descriptive,  field,  and 
modeling  studies  as  discussed,  and  should  provide  a  useful  investigation  into  specific 
questions  concerning  CCS  variability. 

B.  MODEL  SIMULATION  APPLICATIONS 

An  additional  goal  of  this  study  is  to  utilize  model  results  to  discuss  and 
characterize  key  issues  and/or  unknowns  within  the  large-scale  CCS.  Specifically,  the 
seasonal  appearance  of  the  DC,  seasonal  variability  off  the  Baja  Peninsula,  and  the 
meandering  jet  south  of  Cape  Blanco  are  investigated.  Is  the  DC  the  result  of  the  CUC 
surfacing  (Pavlova,  1966;  Huyer  and  Smith,  1974)  or  due  to  the  SCC  successfully 
rounding  Point  Conception  (Hickey,  1997)?  What  is  the  seasonal  variability  of  large- 
scale  and  coastal  currents  off  Baja?  Finally,  is  the  meandering  jet  that  originates  near 
Cape  Blanco  a  continuous  feature  and  what  is  the  role  of  the  jet  in  the  large-scale  CCS? 
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1. 


The  Davidson  Current 


Poleward  flow,  both  surface  (countercurrents)  and  subsurface  (undercurrents),  on 
the  eastern  side  of  ocean  basins  has  been  a  subject  of  extensive  study  over  the  past  several 
decades.  Here  we  focus  on  the  flow  regime  off  Central  and  Southern  California  in  terms 
of  the  seasonal  appearance  of  the  DC.  First,  several  previous  studies  concerning 
poleward  flow  in  this  region  are  highlighted. 

Chelton  (1984)  used  23  years  of  hydrographic  measurements  to  describe  the 
seasonal  geostrophic  velocity  off  Point  Sur  and  Point  Conception.  The  nearshore  surface 
flow  was  found  to  be  equatorward  from  March  to  September  and  poleward  from  October 
to  February  at  both  locations.  Off  Point  Sur,  a  poleward  undercurrent  along  the 
continental  slope,  within  75-100  km  of  the  coast,  first  appeared  in  June/July,  remained 
through  February,  and  was  absent  at  depth  from  March  to  May.  This  poleward  flow 
extended  to  the  surface  from  October  to  February  with  a  maximum  poleward  velocity 
occurring  at  the  surface  in  December  (~14  cm/s).  Off  Point  Conception,  Chelton  (1984) 
noted  that  the  poleward  undercurrent  was  still  located  -75-100  km  from  the  coast  but 
persisted  year-round  with  velocity  maxima  in  June  (-6  cm/s)  and  December  (-8  cm/s). 
Poleward  flow  extended  to  the  surface  from  October  to  February  as  off  Point  Sur,  but  the 
maximum  velocity  remained  subsurface  throughout  the  year. 

Lynn  and  Simpson  (1987)  refer  to  the  seasonal  change  in  direction  of  surface 
flow,  from  equatorward  to  poleward,  that  occurs  within  -150  km  of  the  coast  during  fall 
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and  winter  as  the  Inshore  Countercurrent  (IC)  instead  of  the  DC,  considering  that  it  may 
be  a  general  rather  than  a  regional  phenomenon.  According  to  Hickey  (1979),  this 
poleward  flow  also  occurs  along  southern  California  and  Baja  and  is  sometimes 
continuous  around  Point  Conception.  It  is  discontinuous  in  space  and  time  and  may 
appear  as  the  poleward  expression  of  inshore  cyclonic  eddies  (Lynn  and  Simpson,  1987). 
Lynn  and  Simpson  (1987)  further  surmise  that  periods  of  maximum  IC  flow  correspond 
in  general  to  periods  of  maximum  CUC  flow  and  suggest  that  the  appearance  in  fall  and 
winter  of  the  IC  is  associated  with  the  shoaling  of  the  CUC.  They  also  conclude  that  a 
strong  semiannual  variation  of  both  the  IC  and  CUC  in  the  Southern  California  Bight  and 
regions  north  of  Point  Conception  may  be  tied  to  the  seasonal  development  of  the  SCE. 

Hickey  (1997)  notes  that  south  of  Point  Conception,  a  branch  of  the  equatorward 
CC  turns  cyclonically  shoreward  then  poleward.  This  flow  is  called  the  SCC  if  it  rounds 
Point  Conception,  and  the  SCE  during  periods  when  it  exists  as  a  closed  circulation 
within  the  Southern  California  Bight.  Hickey  (1997)  points  out  that  the  SCC  has  a 
seasonal  maxima  in  winter  which  coincides  with  the  development  of  the  DC  north  of 
Point  Conception,  but  that  evidence  also  exists  which  attributes  the  DC  to  a  shoaling  of 
the  CUC  in  late  fall  (Pavlova,  1966;  Huyer  and  Smith,  1974). 

In  addition  to  numerous  descriptive  and  field  studies,  there  have  recently  been 
significant  modeling  efforts  surrounding  the  major  features  of  the  CCS,  including  the  DC. 
Auad  et  al.  (1991)  used  an  8-layer,  wind-forced,  quasi-geostrophic  numerical  model 
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which  included  bottom  topography  and  a  realistic  coastline  to  simulate  the  main 
components  of  the  CCS.  The  model  successfully  achieved  inshore  poleward  flow  in 
January  which  related  favorably  in  time  and  location  to  the  DC.  Auad  et  al.  (1991) 
concluded  that  bottom  topography  played  a  significant  role  in  the  mean  geostrophic 
transport,  and  formation  of  the  SCE,  within  the  Southern  California  Bight. 

Pares-Sierra  and  O’Brien  (1989),  used  a  1 ‘/2-layer,  wind-driven,  reduced  gravity 
model  to  successfully  reproduce  an  observed  shoreward  excursion  of  a  portion  of  the 
southeastward  CC  at  -32°  N.  Pavlova  (1966)  suggested  a  division  of  flow  in  the 
shoreward  branch  such  that  a  northward  component  feeds  an  inshore  countercurrent  and 
the  SCE,  while  a  southward  component  continues  as  part  of  the  main  equatorward  CC 
(Hickey,  1979).  Further,  Pavlova  (1966)  postulated  that  the  shoreward  tendency  in  the 
flow  is  caused  by  both  bottom  topography  as  well  as  the  prevailing  coastal  winds.  The 
model  of  Pares-Sierra  and  O’Brien  (1989)  consistently  reproduced  this  structure  but  did 
not  include  bottom  topography.  Hence,  Pares-Sierra  and  O’Brien  (1989)  concluded  that 
the  likely  cause  of  the  split  in  equatorward  flow  is  a  minimum  in  tangential  winds  in  the 
vicinity  of  34°  N  due  to  the  seaward  extension  of  the  coastline  from  within  the  Southern 
California  Bight  toward  Point  Conception.  Additionally,  Pares-Sierra  et  al.  (1992)  found 
that  the  1  ‘/2-layer  PE  model  successfully  simulated  Geosat  altimetric  sea-level 
observations  and  that  shoreward  of  a  sea-level  trough  off  the  California  coast,  an  increase 
in  sea-level  was  indicative  of  the  presence  of  a  coastal  countercurent.  Model  results  also 
showed  maximum  sea-level  variability  to  be  located  in  the  waveguide  adjacent  to  coastal 
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California.  The  most  intense  variability  occurred  between  Monterey  and  Cape 
Mendocino  and  south  of  Point  Conception.  Both  locations  are  areas  of  enhanced 
variability,  and  even  reversals,  in  seasonal  wind  stress  fields  (Pares-Sierra  et  al,  1992). 
Thus,  it  seems  logical  that  a  single  concrete  description  as  to  the  cause  or  origin  of  the 
DC  and/or  poleward  flow  in  this  region  has  not  surfaced.  Rather,  several  theories  exist 
and  we  examine  in  this  study  which  one,  if  any,  our  model  most  closely  resembles. 

In  the  present  study,  the  appearance  of  the  DC  in  fall  and  winter  is  best  simulated 
as  a  surfacing  of  the  undercurrent  nearshore,  combined  with  poleward  return  flow, 
adjacent  to  the  coast,  around  inshore  cyclonic  eddies  of  varying  scales,  which  form  a 
discontinuous  chain  along  the  entire  coastline.  Thus,  the  biggest  drivers  of  this 
countercurrent  may  be  the  seasonal  variations  in  wind  stress  and  wind  stress  curl  as  well 
as  variations  in  coastline  geometry.  Additionally,  although  not  included  in  the  model, 
bottom  topography  is  believed  to  impact  the  variability  of  coastal  circulation  in  the  CCS 
and  should  be  included  in  future  modeling  studies  of  this  area. 

The  model  successfully  simulates  many  aspects  of  the  nearshore  flow  field 
described  by  Chelton  (1984)  from  observational  data.  Specifically,  the  model  produces  a 
seasonal  change  in  surface  flow  alongshore  off  both  Point  Sur  and  Point  Conception.  In 
January  of  year  3,  poleward  flow  at  the  coast  extends  throughout  the  upper  water  column 
at  both  locations  (Figures  18a  and  18b).  In  June,  equatorward  flow  adjacent  to  the  coast 
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is  present  at  both  locations  with  a  weak  poleward  undercurrent  at  depth  alongshore 
(Figures  1 8c  and  1 8d). 

Likewise,  the  model  supports  virtually  all  descriptions  and  conclusions  drawn  by 
Lynn  and  Simpson  (1987).  In  particular,  the  model  consistently  shows  discontinuous 
inshore  poleward  flow  near  the  coast,  both  inside  and  outside  the  Southern  California 
Bight,  at  various  times  throughout  the  year  (not  shown).  In  many  cases,  this  flow  is 
adjacent  to  strong  equatorward  flow  throughout  the  upper  water  column  offshore, 
supporting  the  presence  of  inshore  cyclonic  eddies.  Off  Southern  California,  this  inshore 
poleward  flow  is  sometimes  continuous  around  Point  Conception  as  illustrated  for 
November  of  year  3  in  Figures  19a  (south  of  Point  Conception),  19b  (off  Point 
Conception),  and  19c  (north  of  Point  Conception),  and  described  by  Hickey  (1979). 
Furthermore,  the  model  develops  the  SCE  at  approximately  the  correct  time  and 
geographical  location  within  the  Southern  California  Bight  which  Lynn  and  Simpson 
(1987)  link  (along  with  the  undercurrent  surfacing)  to  the  development  of,  or  seasonal 
variation  in,  the  IC  (Plate  Id).  The  seasonal  transition  of  the  poleward  undercurrent,  from 
weak  subsurface  flow  nearshore,  toward  strengthening  and  shoaling  to  surface  poleward 
flow,  is  illustrated  at  32°  N  in  Figures  20a-20d.  In  August  (Figure  20a),  weak  poleward 
flow  is  centered  at  ~250  m  depth  and  underlies  equatorward  flow  at  the  surface.  In 
September  (Figure  20b),  the  undercurent  core  shallows  to  ~175  m  depth  and  strengthens 
to  ~2.5  cm/s.  By  October  (Figure  20c),  poleward  flow  extends  to  the  surface  with  a  core 
maximum  of  ~5  cm/s  centered  at  ~40  m  depth.  Finally,  in  November  (Figure  20d),  a 


33 


strong  countercurrect  of  -12.5  cm/s  is  present  at  the  surface  alongshore.  The  SCE 
appears  in  the  model  as  one  eddy  in  a  discontinuous  chain  of  cyclonic  turning  regions 
adjacent  to  the  coast  where  major  indentations  immediately  follow  prominent  bulges  in 
the  coastline.  Such  areas  can  be  seen  south  of  Cape  Mendocino,  in  the  vicinity  of  Point 
Sur,  south  and  southeast  of  Point  Conception,  and  between  Point  Baja  and  Point  Eugenia, 
and  are  characterized  by  maximum  equatorward  flow  offshore  rapidly  decreasing  to 
minimum  poleward  or  equatorward  flow  with  decreasing  distance  toward  shore  (e.g., 
Plate  la).  Wherever  and  whenever  these  cyclonic  flow  regions  interact  with  the  shoaling 
undercurrent,  poleward  flow  alongshore  is  enhanced,  as  off  Point  Sur  in  January  (Plate  la 
and  Figure  18a). 

The  presence  of  a  large  anticyclonic  meander  in  the  surface  equatorward  jet 
consistently  turns  a  portion  of  the  flow  shoreward  in  the  vicinity  of  Point  Conception 
(Plates  la- Id).  However,  there  is  no  appreciable  evidence  in  the  model  to  support  the 
enhancement  of  a  continuous  countercurrent  north  of  Point  Conception,  caused  by  a 
wrap-around  of  this  divergent  branch  of  the  jet,  to  form  the  SCC  and  accompanying  the 
seasonal  formation  of  the  DC  as  described  by  Hickey  (1997).  Rather,  model  results 
indicate  that  variations  in  wind  stress  induce  flow  instabilities  which  are  enhanced  by 
coastline  perturbations.  An  inshore  train  of  cyclonic  eddies,  combined  with  a  poleward 
undercurrent  of  varying  seasonal  depths,  forms  a  discontinuous  countercurrent 
alongshore.  Thus,  as  equatorward  winds  diminish  in  fall  and  winter,  the  CUC  shoals  and 
interacts  with  poleward  return  flow  around  these  eddies.  The  net  effect  is  additive, 
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producing  the  poleward  surface  flow  observed  nearshore  at  various  locations  throughout 
the  CCS  and  known  as  the  DC  north  of  Point  Conception. 

2.  Seasonal  Variability  Off  Baja 

With  the  possible  exception  of  northern  Baja  (which  has  been  regularly  sampled 
by  CalCOFI  and  covers  the  region  north  of  Point  Baja  to  the  U.S.-Mexico  border),  much 
of  the  peninsula’s  shelf  remains  a  data  sparse  region  and  has  an  unknown  seasonal  cycle 
(Hickey,  1997).  One  of  the  objectives  of  this  study  is  to  utilize  the  model  to  better 
describe  and  define  CCS  structure  and  variability  off  the  Baja  Peninsula.  Toward  this 
end,  we  describe  known  circulation  patterns  in  this  region  based  on  previous  studies  and 
then  examine  the  model’s  ability  or  inability  to  reproduce  observed  flow  features,  as  well 
as  to  contribute  support  as  to  their  cause. 

Huyer  (1983)  uses  mean  monthly  SST  maps  (from  Robinson,  1976),  coupled  with 
profiles  of  Ekman  transport  over  the  CCS,  to  show  the  correspondence  of  coldest  water  at 
the  coast  to  regions  of  large  offshore  Ekman  transport.  Off  Baja,  these  maps  show  that 
cold  coastal  water  occurs  off  northern  Baja  in  winter,  along  most  of  the  peninsula  in 
spring  and  summer,  and  again  off  northern  Baja  in  early  fall.  Huyer  (1983)  points  out 
that  an  exception  exists  off  southern  Baja  where,  despite  year-round  upwelling-favorable 
winds  and  offshore  Ekman  transport,  there  is  an  absence  of  cold  water  at  the  coast. 
Huyer  (1983)  offers  two  possibilities  as  to  the  cause  of  this  phenomenon.  First,  low 
cloud  cover  south  of  Point  Eugenia  enhances  surface  heating  in  this  region  such  that  the 
effect  of  upwelling  on  SST  is  diminished  (Bakun  and  Nelson,  1977).  Huyer  (1983)  also 


35 


notes  that  more  detailed  maps  (Lynn,  1 967)  reveal  a  thin  band  of  colder  water  at  the  coast 
south  of  Point  Eugenia  from  April  through  July.  This  timeframe  corresponds  to  the 
period  of  most  intense  upwelling  along  Baja  and  may  represent  cold,  upwelled  water 
dominating  the  contrary  effects  of  low  cloud  cover  in  the  south.  According  to  Nelson 
(1977),  local  upwelling-favorable  winds  are  strongest  in  May  when  colder  water  at  the 
coast  exists  where  the  coastline  parallels  northwesterly  winds  such  as  between  San  Diego 
and  Point  Baja  and  from  Point  Eugenia  south  to  Cape  San  Lazaro.  The  second  possibility 
offered  by  Huyer  (1983)  as  to  the  lack  of  cold  surface  water  adjacent  to  the  southern  Baja 
coast  is  that  a  strong  poleward  undercurrent,  and  associated  downward-sloping 
isopycnals,  overwhelms  the  tendency  for  upwelling  in  this  region. 

In  the  model,  which  does  not  include  the  effects  of  cloud  cover,  cold  coastal  water 
is  present  all  along  Baja  California  by  year  3  (Plates  la- Id)  in  agreement  with  the  year- 
round  upwelling-favorable  winds  (Figures  2a-2d).  In  January  (Plate  la),  the  coldest 
water  extends  equatorward  from  the  large  coastal  bight  south  of  Point  Eugenia.  In  April 
(Plate  lb),  the  coldest  water  has  expanded  to  northern  Baja  and  offshore-flowing  cold 
filaments  are  more  evident.  By  July  (Plate  lc),  cold  coastal  water  and  filaments  are  more 
extensive  and  a  well-defined  temperature  front  is  present  alongshore  south  of  Point 
Eugenia.  October  (Plate  Id)  shows  cold,  upwelled  water  alongshore  extending  from 
southern  Baja  to  Point  Conception.  While  the  model  does  produce  discontinuous 
subsurface  poleward  flow  off  southern  Baja,  the  results  do  not  support  the  presence  of  a 
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persistently  strong  poleward  undercurrent  year-round  below  25°  N  which  mitigates 
upwelling  tendencies  in  this  region. 

Lynn  and  Simpson  (1987)  describe  the  surface,  near-surface,  and  subsurface  flow 
and  water  mass  characteristics  off  the  Baja  Peninsula  based  on  analyses  of  23  years  of 
CalCOFI  data.  Surface  equatorward  flow,  as  described  by  Lynn  and  Simpson  (1987),  is 
strongest  along  the  coast,  showing  significant  seasonal  variability,  with  maximum  flow  of 
~20  cm/s  occurring  in  March  and  April.  This  inshore  equatorward  flow  is  present  most 
of  the  year  with  no  spring  transition  as  observed  north  of  the  border.  However,  Lynn  and 
Simpson  (1987)  note  an  exception  south  of  Point  Eugenia  where  a  wintertime  IC  exists. 
In  the  model,  the  core  of  the  surface  equatorward  jet  remains  offshore,  seaward  of  weak 
poleward  and  weak  equatorward  flows  adjacent  to  the  coast  which  appear  to  be  associated 
with  inshore  regions  of  cyclonic  and  anticy clonic  activity  (Plates  la- Id).  The  model 
supports  maximum  equatorward  current  speeds  of  -20-30  cm/s  offshore  during  spring 
(Plate  lb),  coincident  with  strongest  equatorward  wind  speeds  (Figure  2b).  While  the 
model  does  not  show  core  equatorward  surface  flow  nearshore  along  most  of  the 
peninsula,  it  does  support  strong  seasonal  variability  in  the  equatorward  surface  jet 
offshore.  In  spring  and  summer  (Plates  lb  and  lc),  the  jet  is  strongest  and  closer  to  to  the 
coast  while  in  fall  and  winter  (Plates  la  and  Id)  the  jet  weakens,  meanders  farther 
offshore,  and  is  embedded  in  a  more  chaotic  flow  regime. 
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The  near-surface  watermass  characteristics  described  by  Lynn  and  Simpson 
(1987)  include  a  subsurface  low-salinity  core  at  -50-100  m  depth  (Reid  et  al.,  1958)  close 
to  the  coast  which  indicates  the  path  of  the  CC.  This  salinity  minimum  exhibits  seasonal 
variations,  spreads  laterally  toward  the  south  with  the  equatorward  CC,  and  may  possess 
values  as  low  as  33.7  as  far  as  southern  Baja  (Lynn  and  Simpson,  1987).  The  model 
shows  good  qualitative  agreement  with  the  above  description.  In  mid-July  of  model  year 
3,  south  of  Point  Eugenia,  a  core  minimum  of  salinity  of -33.7  (Figure  21a)  is  present 
just  below  the  surface  and  represents  the  location  of  a  branch  of  the  meandering 
equatorward  surface  jet  which  turns  shoreward  around  an  anticyclone  (Figure  21b). 
Additionally,  the  salinity  minimum  in  this  region  spreads  laterally  toward  the  south  and 
shows  significant  seasonal  variability  in  both  position  and  magnitude  (not  shown). 

The  qualitative  agreement  between  model  results  and  previous  descriptions  of 
subsurface  flow  along  the  Baja  Peninsula  is  encouraging.  Relatively  high  salinities  and 
temperatures  distinguish  Southern  Water,  which  enters  the  CCS  from  the  south  with  the 
poleward  undercurrent  (Hickey,  1997).  Thus,  as  with  the  CC  and  its  associated  fresher 
water  near  the  surface,  vertical  salinity  distributions  can  be  used  to  indicate  the  flow  of 
the  CUC,  as  saline  subtropical  water  is  transferred  northward  along  the  coast  (Lynn  and 
Simpson,  1987).  According  to  Badan-Dangon  et  al.  (1989),  subsurface  poleward  flow 
exists  off  Baja  most  of  the  year  and  is  primarily  expressed  as  a  series  of  cyclonic  gyres 
along  the  coast.  The  undercurrent  is  particularly  well-defined  from  late  winter  to  early 
summer  and  adjoins  the  continental  slope  northward  from  the  tip  of  Baja  (Badan-Dangon 


38 


et  al.,  1989).  Lynn  and  Simpson  (1987)  estimate  that,  in  general,  maximum  CUC 
velocities  occur  between  ~200-300  m  depth  in  summer  and  occasionally  in  winter  and 
that  high  salinity  values  coincide  with  this  maximum  subsurface  poleward  flow.  This  is 
well-supported  by  the  model.  For  example,  off  northern  Baja,  at  30.5°  N,  a  closed 
salinity  maximum  of  ~34.4  is  centered  at  ~180  m  depth  in  close  proximity  to  the  coast 
during  mid-January  of  year  3  (Figure  22a).  Likewise,  a  cross-section  of  mean  meridional 
velocity  in  January  shows  a  well-defined  poleward  undercurrent  with  speeds  of  ~1.5  cm/s 
below  ~1 75  m  depth  at  the  same  location  (Figure  22b). 

The  region  southeast  of  Point  Eugenia,  which  represents  the  largest  coastline 
perturbation  along  the  Baja  Peninsula,  is  the  location  of  a  seasonally  intensifying  cyclonic 
eddy  such  that  return  flow  north  of  the  eddy  center  transports  warmer  water  hundreds  of 
kilometers  offshore  between  October  and  January  (Lynn  and  Simpson,  1987).  Although 
the  model  does  not  support  the  exact  location  of  this  eddy,  it  does  uphold  Point  Eugenia 
and  the  region  to  the  south  as  an  area  of  strong  seasonal  variability  as  well  as  a  generation 
region  for  cyclonic  eddies.  In  January  of  year  3  (Plate  la),  an  inshore  branch  of  the 
equatorward  surface  jet  with  speeds  as  high  as  ~25  cm/s  turns  cyclonically  away  from  the 
coast  in  the  vicinity  of  Point  Eugenia  to  rejoin  the  main  stream  offshore,  indicating 
development  of  a  cyclonic  eddy.  In  April  (Plate  lb),  the  cyclonic  meander  is  better 
developed  and  has  begun  to  detach  from  the  vicinity  of  Point  Eugenia.  By  July  (Plate 
lc),  the  meander  has  closed  off  to  form  a  cold-core  eddy  which  has  propagated 
southwestward  and  is  now  centered  at  ~25°  N,  1 1 8.5°  W.  A  thin  filament  of  colder  water 
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extends  south  from  Point  Eugenia,  transported  by  the  high-speed  inshore  near-surface 
equatorward  flow.  Additionally,  cyclonic  turning  is  once  again  evident  in  the 
equatorward  surface  jet,  but  at  a  slightly  different  location  from  January,  west-northwest 
of  Point  Eugenia.  By  October  (Plate  Id),  cyclonic  turning  to  the  west-northwest  has 
further  intensified  and  approaches  the  pattern  shown  for  January  (Plate  la).  Note  that  in 
January  (Plate  la),  a  cyclonic  eddy  centered  at  -26°  N,  123°  W  has  also  formed  and 
propagated  westward  in  time  from  the  same  generation  area.  Thus,  according  to  model 
results,  Point  Eugenia  appears  to  play  a  significant  role  in  cyclonic  eddy  generation  and 
subsequent  westward  propagation.  Although  the  position  of  the  cyclonic  meander,  which 
indicates  eddy  production,  varies  to  either  side  of  the  coastal  point,  model  results  clearly 
indicate  a  fairly  well-correlated,  seasonally-repeating  pattern  of  eddy  development  at  this 
location. 

Although  a  data  sparse  region,  the  area  off  southern  Baja  is  believed  to  be  a  highly 
dynamic  environment  for  meanders,  filaments,  and  eddies  (Lynn  and  Simpson,  1987; 
Poulain  and  Niiler,  1989;  Poulain,  1990;  Niiler  et  al.,  1989).  Model  results  from  year  3 
strongly  support  this  description  for  the  region  south  of  Point  Eugenia.  Shoreward 
anticyclonic  meanders  in  the  equatorward  surface  jet  (Plates  la  and  lb),  sharp 
temperature  fronts  alongshore  and  offshore-flowing  cold  filaments  (Plates  lc  and  Id), 
combined  with  the  flow  field  effects  of  cyclonic  eddies  detaching  from  Point  Eugenia  to 
propagate  southwestward,  all  contribute  toward  a  highly  variable  and  complicated  current 
structure  in  the  model. 


40 


In  reality,  the  pattern  off  southern  Baja  is  perhaps  no  less  complex.  Strong 
seasonal  variations  in  positions  and  intensities  of  atmospheric  forcing  mechanisms  such 
as  the  Subtropical  High  and  its  interaction  with  the  Trade  Winds,  the  Mexican  Low,  and 
the  Intertropical  Convergence  Zone,  lead  to  robust  seasonal  changes  in  the  oceanic  flow 
field  in  this  area.  Consequently,  the  net  flow  pattern  off  southern  Baja  is  the  result  of  the 
seasonal  strength  of  the  CC  and  the  position  where  it  leaves  the  coast  to  feed  the  North 
Equatorial  Current  as  well  as  the  strength  and  position  of  the  North  Equatorial 
Countercurrent  and  the  northwestward-flowing  Costa  Rica  Coastal  Current  (Badan- 
Dangon  etal.,  1989).  , 

An  example  of  near-surface  and  subsurface  variability  in  the  model  for  this  area  is 
illustrated  through  cross-sections  of  mean  meridional  velocity  taken  at  25°  N,  in  the 
vicinity  of  Cape  San  Lazaro.  In  January  (Figure  23a),  equatorward  flow  persists  near  the 
surface  with  a  maximum  of  ~25  cm/s  nearshore  and  a  second  maximum  of  ~35  cm/s 
farther  offshore.  A  poleward  undercurrent  structure  is  present  within  ~60  km  of  the  coast 
with  a  maximum  of  ~10  cm/s  below  ~300  m  depth.  In  April  (Figure  23b),  equatorward 
flow  is  still  present  nearshore  but  adjacent  poleward  flow  offshore  is  now  surface- 
intensified  to  ~25  cm/s  and  extends  throughout  the  upper  water  column,  indicating  the 
presence  of  an  anticyclonic  eddy  nearshore.  Farther  offshore,  the  equatorward  jet  has 
intensified  to  ~50  cm/s  in  response  to  the  occurrence  of  maximum  equatorward  winds  in 
spring.  By  July  (Figure  23c),  cyclonic  turning  is  evident  near  the  coast  along  with 
anticyclonic  rotation  offshore,  as  flow  transitions  seaward  from  poleward  to  equatorward 
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back  to  poleward  throughout  the  water  column.  By  October  (Figure  23d),  the  nearshore 
cyclonic  rotation  has  migrated  slightly  westward,  giving  way  to  a  narrow  band  of  surface- 
intensified  equatorward  flow  of  ~15  cm/s  alongshore.  Plate  Id  shows  that  this  pattern  is 
instrumental  in  advecting  a  thin,  cold  filament  offshore  in  this  region. 

Model  results  off  Point  Baja  also  qualitatively  support  the  conclusion  by  Lynn 
and  Simpson  (1987)  that  seasonal  variations  in  watermass  characteristics  accompany 
variations  in  intensity  of  the  CUC.  For  example,  on  day  834,  which  corresponds  to  mid- 
April  of  model  year  3,  a  well-defined  poleward  undercurrent  exists  adjacent  to  the  coast 
below  -100  m  depth  with  maximum  speeds  of  -7.5  cm/s  below  -300  m  depth  (Figure 
24a).  A  corresponding  cross-section  of  salinity  (Figure  24b)  reveals  a  core  maximum  of 
—34.4  centered  at  —185  m  depth  which  hugs  the  coast.  During  other  seasons  at  this 
location,  the  undercurrent  is  less-developed  or  nonexistent  and  water  at  depth  along  the 
coast  less  saline  (not  shown). 

3.  The  Meandering  Jet  South  of  Cape  Blanco 

Satellite  imagery  (Strub  et  al.,  1991;  Strub  and  James,  1995),  field  studies  using 
Lagrangian  drifter  results  (Barth  et  al. ,  1994;  Barth  and  Smith,  1996a,b),  and  recent 
numerical  modeling  efforts  (Batteen,  1997)  all  suggest  that  the  offshore  separation  of  the 
equatorward  coastal  jet  in  the  vicinity  of  Cape  Blanco  marks  the  start  of  a  continuous 
meander  along  a  temperature  front  that  can  be  traced  equatorward  throughout  the  CCS 
during  spring  and  summer.  Results  obtained  in  the  present  study  for  the  large-scale  CCS 
support  the  evidence  cited  above.  Although  small-scale  eddies  and  meanders  are  known 
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to  exist  off  Washington  and  northern  Oregon  (Ikeda  and  Emery,  1984)  and  are 
reproduced  in  the  model  (e.g.,  Plates  la-ld  show  a  cyclonic  eddy  centered  at  -45°  N, 
which  subsequently  propagates  offshore),  it  is  not  until  Cape  Blanco,  where  large-scale 
variations  in  coastline  geometry  begin  to  occur,  that  the  equatorward  jet  significantly 
leaves  the  coast  and  undergoes  a  series  of  meanders  downstream.  By  spring  of  model 
year  3  (Plate  lb),  when  the  predominant  wind  direction  transitions  to  equatorward  across 
the  entire  CCS,  maximum  equatorward  flow  off  the  Oregon  coast  wanders  southwestward 
in  the  vicinity  of  Cape  Blanco  and  subsequently  turns  shoreward  to  meander 
anticyclonically  near  the  coast  off  Cape  Mendocino.  The  flow  then  undergoes  alternating 
cyclonic  (offshore)  and  anticyclonic  (onshore)  excursions,  shedding  westward 
propagating  eddies  which  form  along  a  temperature  front  near  the  coast,  as  it  proceeds 
equatorward.  By  summer  of  model  year  3  (Plate  lc),  an  upwelling  front  has  formed 
inshore  north  of  Cape  Blanco  and  remains  relatively  uniform  in  association  with  only 
mild  variations  in  coastline  orientation.  South  of  Cape  Blanco  the  region  of  cold  water 
near  the  coast  gradually  widens  with  distance  equatorward  as  coastal  water  is  pulled 
farther  offshore  with  increased  meander  activity. 

Previous  modeling  efforts  have  successfully  reproduced  meander  activity  using  a 
uniform  wind  stress,  a  straight  coastline,  and  no  bottom  topography  (Batteen  et  al.,  1989; 
McCreary  et  al.,  1991).  However,  meanders  and  eddies  approach  realistic  magnitude  and 
variability  when  topographic  features  are  included  (Ikeda  et  al.,  1984;  Haidvogel  et  al., 
1991),  as  well  as  when  a  realistic  coastline,  and  spatially  and  temporally  varying  wind 
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forcing  are  incorporated  (Batteen,  1997).  Baroclinic  and/or  barotropic  instability,  wind, 
coastline  irregularities,  and  topographic  processes  all  appear  to  be  important  in  generating 
the  well-recorded  meander  activity  off  the  North  American  west  coast  south  of  Cape 
Blanco. 

While  the  model  used  in  the  present  study  successfully  reproduced  many  realistic 
characteristics  of  the  meandering  jet,  future  research  endeavors  with  this  model  will 
incorporate  bottom  topography  in  order  to  examine  effects  of  the  continental  margin  on 
the  flow  field,  upwelling  fronts,  and  MKE/EKE  maxima  locations.  Additionally,  the 
effects  of  major  variations  in  terrain  such  as  the  Mendocino  Ridge,  the  Monterey 
Submarine  Canyon,  and  others  will  be  explored. 
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IV.  SUMMARY 


This  study  was  designed  to  investigate  the  combined  role  of  wind  forcing, 
temperature  and  salinity  gradients,  and  coastline  irregularities  on  the  formation  of 
currents,  meanders,  eddies,  and  filaments  in  the  large-scale  circulation  of  the  California 
Current  System.  An  additional  goal  of  this  research  was  to  further  characterize  the 
formation  of  the  Davidson  Current,  seasonal  variability  off  the  Baja  Peninsula,  and  the 
meandering  jet  south  of  Cape  Blanco.  Toward  these  ends,  a  high-resolution,  multi-level, 
PE  model  using  a  realistic  North  American  coastline,  was  forced  from  rest  with  spatially 
and  temporally  varying  winds,  temperatures,  and  salinities.  The  migration  pattern  of  the 
North  Pacific  Subtropical  High,  and  its  effects  on  the  seasonal  variability  in  alongshore 
winds,  played  a  significant  role  in  the  generation,  maintenance,  and  duration  of  observed 
current  features  throughout  the  model  domain. 

Due  to  the  atmospheric  pressure  gradient,  as  well  as  alongshore  temperature  and 
salinity  gradients  built  in  using  climatological  forcing  conditions,  the  model  initially 
produced  an  onshore  geostrophic  flow  in  the  interior  ocean.  By  day  45  this  flow  turned 
poleward  (equatorward)  north  (south)  of  the  model  midpoint  (35°  N)  at  the  coast, 
advecting  warmer  (colder)  water  poleward  (equatorward)  alongshore.  In  time,  eddy 
development  occurred  at  the  coast  as  the  mass  field  adjusted  to  seasonally  varying  forcing 
conditions.  Initial  instabilities  which  led  to  the  production  of  anticyclonic  (cyclonic) 
eddies  in  the  northern  (southern)  portion  of  the  model  domain  resulted  from  barotropic 
and  baroclinic  instability  processes  of  varying  scales. 
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By  day  195,  the  equatorward  jet  moved  north  and  overlaid  a  poleward 
undercurrent.  Cold,  dense  water  was  present  alongshore  where  the  coast  approximately 
paralleled  the  wind  direction,  indicating  upward  vertical  motion  of  water  adjacent  to  the 
coast  due  to  offshore  Ekman  transport.  By  day  285,  poleward  flow  alongshore  showed 
significant  trends  of  fluctuating  depth  and  intensity. 

Longer  run  times  successfully  illustrated  the  seasonal  variability  and  complex 
structure  of  the  CCS.  By  year  3,  the  equatorward  surface  flow  was  embedded  with 
numerous  eddies,  meanders,  and  upwelling  filaments  consistent  with  real-world 
observations  (Lynn  and  Simpson,  1987).  These  eddies  and  meanders,  which  propagated 
westward  at  Rossby  wave  speeds,  induced  large  onshore  and  offshore  transports  in  the 
equatorward  surface  jet.  Springtime  conditions  in  the  model  marked  an  increase  in 
magnitude  of  the  jet,  consistent  with  Lynn  and  Simpson  (1987).  During  summer,  when 
upwelling-favorable  winds  paralleled  the  coastline  throughout  the  domain,  offshore- 
flowing  cold  filaments  of  realistic  spatial  scales  (Batteen,  1997)  existed  in  the  vicinity  of 
many  coastline  perturbations.  By  fall,  the  upwelling  system  weakened  and  within  the 
Southern  California  Bight,  a  division  of  flow  in  the  equatorward  jet,  first  observed  in 

summer,  was  more  pronounced,  consistent  with  a  seasonal  maxima  in  the  SCE  (Hickey, 
1997). 


The  coldest  water  in  the  model  was  consistently  located  adjacent  to  the  southern 
Baja  coastline,  coincident  with  persistent  northwesterly  winds  in  this  area.  In  reality,  this 
year-round  cold  coastal  water  is  not  observed  (Huyer,  1983),  with  the  effects  of  upwelling 
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on  SST  possibly  diminished  due  to  rapid  surface  heating  resulting  from  reduced  cloud 
cover  (Bakun  and  Nelson,  1977).  Further  study  using  a  coupled  atmosphere/ocean  model 
to  delineate  the  roles  of  air-ocean  fluxes  in  this  area  is  recommended.  Model  results 
along  Baja  did  however  support  conclusions  by  Bakun  and  Nelson  (1977)  regarding  the 
effects  on  upwelling  of  cyclonic  wind  stress  curl  in  that  the  most  intense  upwelling  was 
located  adjacent  to  capes  during  spring  and  summer,  and  within  coastal  bights  during  fall 
and  winter. 

Nearshore  poleward  flow  occurred  throughout  the  model  domain  at  various  depths 
and  intensities  during  different  seasons.  These  results  support  both  observational  and 
physical  descriptions  of  seasonal  variations  in  depth,  intensity,  and  extent  of  poleward 
flow  within  the  CCS  (Lynn  and  Simpson,  1987;  Hickey,  1997).  Specifically,  during 
winter,  poleward  flow  primarily  maintained  an  undercurrent  structure  with  a  deep  core, 
whereas  in  summer  this  flow  strengthened  and  shoaled  in  many  locations. 

Maps  of  MKE  and  EKE  were  used  to  indicate  mean  and  eddy  energy  source 
locations  (Holland  et  al.,  1983).  Model  results  showed  maxima  in  MKE  and  EKE  during 
upwelling  season  wherever  flow  velocity  increased,  such  as  along  the  meandering  axis  of 
the  equatorward  coastal  jet  as  well  as  in  the  vicinity  of  westward  propagating  eddies. 
EKE  maxima  tended  to  propagate  westward  in  time,  consistent  with  Kelly  et  al.,  (1997), 
and  disclosed  eddy  generation  areas  off  Cape  Blanco,  offshore  and  downstream  of  Cape 
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Mendocino  and  Point  Arena,  in  the  Southern  California  Bight,  and  in  the  coastal 
indentations  on  either  side  of  Point  Eugenia. 

The  seasonal  appearance  of  the  DC  was  examined  through  comparison  of  model 
results  with  previous  studies  concerning  the  flow  regime  off  central  and  southern 
California.  The  model  supported  the  appearance  of  the  DC  as  a  surfacing  of  the 
undercurrent  nearshore,  combined  with  coastal  poleward  return  flow  around  inshore 
cyclonic  eddies  of  varying  scales.  Variations  in  wind  stress  induced  flow  instabilities 
which  were  enhanced  by  coastline  perturbations.  An  inshore  train  of  cyclonic  eddies, 
combined  with  a  poleward  undercurrent  of  varying  seasonal  depths,  formed  a 
discontinuous  countercurrent  alongshore.  Thus,  it  is  hypothesized  that  as  equatorward 
winds  diminish  in  fall  and  winter,  the  CUC  shoals  (i.e.,  stretches  vertically  toward  the 
surface)  and  interacts  with  poleward  return  flow  around  these  eddies,  producing  a  net 
poleward  surface  flow  known  as  the  DC  north  of  Point  Conception. 

The  model  was  also  successful  in  reproducing  many  surface,  near-surface,  and 
subsurface  flow  characteristics  off  the  Baja  Peninsula  described  by  Lynn  and  Simpson 
(1987).  In  spring  and  summer,  the  equatorward  surface  jet  off  Baja  was  strong  and 
located  closer  to  the  coast.  Conversely,  during  fall  and  winter,  the  jet  weakened, 
meandered  farther  offshore,  and  was  embedded  in  a  more  chaotic  flow  regime.  Vertical 
salinity  distributions  off  Baja  successfully  illustrated  the  fresher,  near-surface  flow  of  the 
equatorward  jet  offshore,  as  well  as  the  influx  of  more  saline  Southern  Water  with  the 
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poleward  undercurrent  near  the  coast.  Model  results  also  strongly  supported  the  area 
surrounding  Point  Eugenia,  which  represents  the  largest  coastline  perturbation  along  the 
peninsula,  as  a  persistent  cyclonic  eddy  generation  region.  Likewise,  the  belief  that 
strong  seasonal  variations  in  positions  and  intensities  of  atmospheric  forcing  mechanisms 
produce  a  complex  and  highly  variable  flow  regime  off  southern  Baja  was  well-supported 
by  the  model. 

Finally,  model  results  supported  the  equatorward  jet  as  a  relatively  continuous 
feature  which  marks  a  division  between  cold,  upwelled,  coastally-influenced  water  and 
water  of  offshore  origin.  The  jet  remained  within  close  proximity  of  the  coast  north  of 
Cape  Blanco,  equatorward  of  which  it  underwent  a  series  of  cyclonic  and  anticyclonic 
excursions  as  coastline  perturbations  became  more  pronounced.  As  it  proceeded 
equatorward,  meander  activity  increased  and  the  region  of  coastally-influenced  water 
widened.  Mixing  of  coastal  and  offshore  waters  took  place  through  offshore-flowing 
cold  filaments  and  westward-propagating  eddies. 

Results  from  this  model  simulation  showed  that  the  inclusion  of  a  realistic 
coastline,  spatially  and  temporally  varying  wind  forcing,  and  temperature  and  salinity 
gradients  led  to  both  barotropic  and  baroclinic  instability  processes,  generating  observed 
current  structures  within  the  model  CCS.  In  addition,  bottom  topography  along  the 
continental  margin  is  believed  to  play  an  important  role  in  the  stability  of  the  water 
column  and  the  complex  variability  off  the  North  American  west  coast.  The  addition  of 
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bottom  topography,  the  use  of  finer  resolution  spatial  and  temporal  wind  forcing,  as  well 
as  atmospheric  model  coupling  will  lead  to  future  modeling  improvements  and  a  better 
understanding  of  this  highly  complex  regime. 


Model  Domain 


Figure  1.  Model  domain,  coastline,  and  generalized  classical  circulation  of  the  California 
Current  System  (CCS).  The  domain  is  bounded  by  22.5°  N  to  47.5°  N,  107.5°  W  to 
132.5°  W.  The  broad,  slow  surface  equatorward  California  Current  (CC)  overlies  the 
narrow,  poleward  California  Undercurrent  (CUC).  Surface  poleward  flows  include  the 
Davidson  Current  (DC)  north  of  Point  Conception,  and  the  Southern  California  Eddy 
(SCE)  and  Southern  California  Countercurrent  (SCC)  south  of  Point  Conception. 
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Longitude  (degrees) 


Figure  2.  Climatological  winds  over  the  California  Current  System  used  to  force  the 
model.  The  climatological  (1980-1989)  ECMWF  winds  are  shown  here  for  (a)  January, 
(b)  April,  (c)  July,  and  (d)  October 
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North  (47.5N)  and  South  (22.5N)  Temperature  Forcing  at  132.5W 


January-December 


Figure  3.  Time  series  plots  of  monthly  temperature  fields  used  as  seasonal  forcing  in  the 
basic  simulation.  The  *♦*  symbol  represents  data  at  22.5°  N,  132.5°  W,  while  the  ‘+’ 
symbol  represents  data  at  47.5°  N,  132.5°  W  for  levels  (a)  13  m  and  (b)  46  m. 
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Figure  5.  Day  3  density  contours  and  velocity  vectors  at  13  m  depth  for  (a)  the  northern 
half  and  (b)  the  southern  half  of  the  model  domain.  Contour  interval  is  0.1  g/cm3; 
maximum  velocity  vector  is  50  cm/s.  In  this  and  the  following  figures,  to  avoid  clutter, 
vectors  are  plotted  at  every  third  or  fourth  grid  point  in  the  cross-shore  and  alongshore 
directions,  and  velocities  less  than  5  cm/s  are  not  plotted. 
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Figure  6.  Day  15  density  contours  and  velocity  vectors  at  13  m  depth  for  (a)  the  northern 
half  and  (b)  the  southern  half  of  the  model  domain.  Contour  interval  is  0.1  g/cm3; 
maximum  velocity  vector  is  50  cm/s. 
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Figure  8.  Cross-shore  sections  of  meridional  velocity  (v)  at  (a)  40.5°  N  (off  Cape 
Mendocino)  on  day  45,  and  (b)  28.5°  N  (north  of  Point  Eugenia)  on  day  105.  Contour 
interval  is  2  cm/s  in  (a)  and  1  cm/s  in  (b). 
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Figure  9.  Day  105  density  contours  and  velocity  \ 
southern  (b,d)  portions  of  the  model  domain  at  depl 
Contour  interval  is  0.1  g/cm3;  maximum  velocity  vecto: 
cm/s  in  (c)  and  (d). 
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Figure  10.  Day  195  density  contours  and  velocity  vectors  for  the  northern  (a,c)  and 
southern  (b,d)  portions  of  the  model  domain  at  depths  13  m  (a,b)  and  316  m  (c,d)- 
Contour  interval  is  0.2  g/cm3  in  (a)  and  (b),  and  0.1  g/cm3  in  (c)  and  (d);  maximum 
velocity  vector  is  50  cm/s  in  (a)  and  (b)  and  20  cm/s  in  (c)  and  (d). 
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Figure  11.  Cross-shore  sections  of  v  at  (a)  46°  N  (off  northern  Oregon)  and  (b)  25°  N 
(off  Cape  San  Lazaro)  for  day  195.  The  contour  interval  is  2.5  cm/s  (5  cm/s)  for 
poleward  (equatorward)  flow. 
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Figure  12.  Cross-shore  sections  of  v  at  (a)  25°  N  (off  Cape  San  Lazaro),  (b)  29°  N 
(north  of  Point  Eugenia),  (c)  32.5°  N  (Southern  California  Bight),  (d)  36.5°  N  (off  Point 
Sur),  and  (e)  43°  N  (off  Cape  Blanco)  on  day  285.  The  contour  interval  is  2.5  cm/s  (5 
cm/s)  for  poleward  (equatorward)  flow. 
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Figure  14.  Day  300  density  contours  and  velocity  vectors  at  (a)  1 3  m  and  (b)  3 1 6  m 
depth  for  the  central  portion  of  the  domain  from  32°  N  to  39.5°  N.  The  contour  interval 
is  0.2  g/cm3  in  (a)  and  0.1  g/cm3  in  (b).  Maximum  velocity  vector  is  50  cm/s. 
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Figure  15.  Cross-shore  sections  of  mean  v  for  January  of  model  year  3  at  (a)  44.2°  N 
(off  Oregon),  (b)  41 .6°  N  (off  northern  California),  (c)  34.2°  N  (south  of  Point 
Conception),  and  (d)  26.3°  N  (south  of  Point  Eugenia).  The  contour  interval  is  2.5  cm/s 
(5  cm/s)  for  poleward  (equatorward)  flow. 
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Figure  17.  Horizontal  maps  at  13  m  depth  of  (a)  mean  kinetic  energy  (MKE),  and  (b) 
eddy  kinetic  energy  (EKE)  for  July  of  model  year  3.  Contour  interval  is  200  cm2/s2  in  (a) 
and  100  cm2/s2  in  (b). 
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Figure  19.  Cross-shore  sections  of  mean  v  for  November  of  model  year  3  at  (a)  33.5°  N 
(south  of  Point  Conception),  (b)  34.6°  N  (off  Point  Conception),  and  (c)  35.5°  N  (north  of 
Point  Conception).  The  contour  interval  is  2.5  cm/s  (5  cm/s)  for  poleward  (equatorward) 
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Figure  21.  Cross-shore  sections  of  (a)  salinity  on  day  924  (mid- July)  and  (b)  mean  v  for 
July  of  model  year  3  at  26°  N  (south  of  Point  Eugenia).  The  contour  interval  is  0.1  ppt  ii 
(a)  and  2.5  cm/s  (5  cm/s)  for  poleward  (equatorward)  flow  in  (b). 


DEPTH 


100  - 


DEPTH 


1 1 5.0°W  1 1 4.6°W  1 14.2°W  113.8°W  113.40W  113.0°W  112.6°W  112.2°W 

LONGITUDE 


Figure  23.  Cross-shore  sections  of  mean  v  at  25°  N  (off  Cape  San  Lazaro)  for  (a) 
January,  (b)April,  (c)  July,  and  (d)  October  of  model  year  3.  The  contour  interval  is  2.5 
cm/s  (5  cm/s)  for  poleward  (equatorward)  flow  in  (a,  b,  d)  and  5  cm/s  for  both  in  (c). 
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Figure  24.  Cross-shore  sections  of  (a)  v  and  (b)  salinity  on  day  834  (mid-April)  of  model 
year  3  at  29.9°  N  (off  Point  Baja).  The  contour  interval  is  2.5  cm/s  (5  cm/s)  for  poleward 
(equatorward)  flow  in  (a)  and  0.1  ppt  in  (b). 
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Plate  1.  Mean  temperature  and  velocity  vectors  at  1 3  m  depth  for  (a)  January,  (b)  April, 
(c)  July,  and  (d)  October  of  model  year  3.  Contour  interval  is  0.1°  C;  maximum  velocity 
vector  is  100  cm/s. 
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Table  1.  Values  of  Constants  Used  in  the  Model 


Constant 

Value 

Definition 

To 

278.2°K 

Constant  Reference  Temperature 

So 

34.7 

Constant  Reference  Salinity 

Po 

Density  of  Sea  Water  At  T0  and  S0 

a 

Thermal  Expansion  Coefficient 

p 

7.5  x  10-4 

Saline  Expansion  Coefficient 

K 

10 

Number  of  Levels  In  Vertical 

Ax 

9.0  x  105cm 

Cross-Shore  Grid  Spacing 

Ay 

1.1  x  106  cm 

Alongshore  Grid  Spacing 

H 

4.5  x  105cm 

Total  Ocean  Depth 

At 

800  s 

Time  Step 

fo 

Mean  Coriolis  Parameter 

g 

Acceleration  of  Gravity 

2  x  1017  cm4  s'1 

Biharmonic  Momentum  Diffusion  Coefficient 

Ah 

Biharmonic  Heat  Diffusion  Coefficient 

0.5  cm2  s"1 

Vertical  Eddy  Viscosity 

K„ 

0.5  cm2  s 1 

Vertical  Eddy  Conductivity 
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